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CHAPTER I

SURVEY AND HISTORICAL BACKGROUND
This thesis presents the results of investigations of

three types of non-linear surface acoustic wave (SAW)

interactions in lithium niobate (LiNb03)_ In all cases

there are two waves interacting. In the first case,

convolution, ¢the waves are collinear and counter-

propagating. In the second case, collinear mixing, the

waves are collinear and co-propagating. In the third case,

non-collinear mixing, the waves are non-collinear and co-

propagating. These interactions can be visualized with the

aid of Figures 2.1, 2.2, and 2.5.
The non-linearities investigated in this thesis are

due solely to non-linearities in the crystal itself.

Another area of investigation, currently enjoying much

activity, 1is the enhancement of non-linearities due to the

addition of a semiconductor above the substratel.1-1.12 1p

that case, the electric field of the acoustic wave is

coupled into the semiconductor, in which the non-linearities

are much stronger than those of the piezoelectric crystal

alone, In principle, therefore, semiconductor enhancement

should be superior. In practice, however, all of the

various semiconductor implementations turn out to be vastly

inferior in terms of manufacturability, complexity,

repeatability, and cost. Therefore, if adequate performance
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can be obtained from the piezoelectric crystal alone, it is
clearly preferred. Thus, the investigations discussed in
this thesis did not utilize semiconductor enhancement.

Wangl.13 first demonstrated the convolution concept
using bulk waves in 1966. The convolution process was
independently rediscovered later by Quate and Thompsonl.14
who passed longitudinal bulk waves in LiNbO3- Svaasand'-15
was the first to exhibit convolution with surface waves,
Kino et., al. worked extensively with all the possible
permutations on this mixing process and contributed
significantly to a comprehensive understanding of the
process.1.1,1.16,1.17  ynile references 1.13-1.17 document
the earliest work, they were only demonstrations of the
concept, Those early devices were plagued with inadequate
dynamic range, narrow bandwidth, and spurious signals of
several types. Significant advancements were subsequently
made with the addition of beamwidth-compressing multistrip
couplers (BWC-MSC),1-18'1~20 and a broadband matching
network.1'.21 The BWC-MSC increased dynamic range by a
factor of 10, eliminated some of the spuriocus signals, and
did not limit the bandwidtﬁ. The broadband matching network
made 40 percent bandwidth easily achievable.

This author noted that by raising the operating
frequency to 800 MHz, it should be possible to attain a 320
MHz instantaneous bandwidth. This would be a significant

improvement in the capabilities of spread spectrum
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communication and radar systems. Thus, the purposes of the
convolver work in this thesis were to demonstrate operation
at 800 MHz, to quantify the various losses, and to
nnderstand the interactions well enough to optimize
convolution at this frequency.

Concerning collinear mixing, all of the earliest work
was on the generation of harmonics., Since bulk waves have
been utilized for many years, it is not surprising that the
first harmonics were observed as a bulk wave
interaction,1.22 However, as surface waves became commonly
used, the study of surface non-linearities soon followed.
Most workers chose a crystal and orientation known to have
strong non-linearities and then sought equations to describe
the observed build-up of non-linear products. In most cases
the interaction was modeled with a single phenomenological
parameter.1.23-1.26

In several notable exceptions, the build-up was
related to material constants,l:27-1.29 However, those
models predicted only the initial slope of the amplitude
versus distance curve for the non-linear product. A more
complete study should include a prediction of where the
build-up will peak and then start to decay. Another
deficiency of the early studies is that they used only the
elastic constants, and ignored the other material constants.
Since much of the early experimental work was at low
frequencies (10-200 MHz) where the effects of attenuation

and dispersion are not significant within the length of
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available substrates, the agreement with these equations was
very good. However, at higher frequencies (greater than
400 MHz) attenuation and dispersion are much more important
and have to be considered 1.30-1.33, Equations were found
that adequately describe these effects.!+3% Fortunately,
the mixing of two non-harmonically related waves is very
similar to the generation of harmonics, and the same
equations can be used for both., Also, it is now possible to
relate the strength of the non-linearity to all the crystal
constants and to predict those orientations of each material
that are best.1:35 The purpose of the collinear mixing work
in this thesis was to consider ways of optimizing the
efficiency and bandwidth of the non-linear interaction and
suppressing unwanted non-linear products for commonly used
orientations of lithium niobate.

Non-linear interactions between non-collinear surface
waves have been studied by several investigators. Carr
obtained indirect evidence of sum frequency generation on
LiNb03 by observing an increase in the attenuation of one
of two intersecting non-collinear surface waves when the
amplitude of the other wave was increased from zero.1'36
Tanski and Mayer detected a sum frequency beam generated on
single crystal copper,1+37,1.38 and Feldmann and Henaff
detected a sum frequency signal on LiNb03 under conditions
of exact phase matching.1+39 In the last two cases, phase
matching was achieved by choosing propagation directions

where pseudo or "leaky" surféce waves exist. The pseudo
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surface waves travel at faster velocities than ordinary
surface waves, and by choosing a suitable combination of the
two types of waves, phase matching was accomplished,

Davis and Newhouse detected a phase-mismatched
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difference frequency surface wavel.40 gang perfectly phase=-
matched sum and difference frequency surface

waves,1.10,1.41,1.42 ppase matching was achieved by using
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an anisotropic crystal whose surface wave phase velocities
vary suitably with direction. Thus, ordinary surface waves

could be used, and the inherent attenuation of leaky waves

could be avoided. The angles between beams are in most

cases smaller than if leaky waves are used, but with a
smaller angle configuration, longer interaction regions are
possible. Thus better conversion efficiency for perfectly
phase matched mixed frequency waves is possible, The

purpose of the non-collinear investigations in this thesis

was to improve the performance of the collinear mixer by
seeking better rejection of the input signals while
maintaining or improving the dynamic range (efficiency) of

S
{l the difference frequency at the output.
2

Chapter 2 gives a general piezoelectric theory and
then the applicable theory for each of the three types of
non-linear interactions discussed here. Chapter 3 contains
results of experiments on high frequency convolvers.
Emphasis is on understanding the various losses and

improving the efficiency for high frequency (& 800 MHz)
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operation. Chapter 4 presents the results of experimental

investigations of c¢ollinear mixing. Emphasis 1s on
improving efficiency, making the interaction broadband, and
suppressing unwanted frequencies, Chapter 5 details
experiments of non-collinear mixing. The goal was to gain
additional suppression of unwanted frequencies over that
obtained in the previous chapter using collinear mixing.
Chapter 6 contains a summary and conclusions. Appendix A
gives details on a laser probe which was used to obtain
acoustic wave profiles and explains how other information
can be obtained from these profiles. Appendix B describes
two sets of computer programs that were used to analyze the
SAW transducers in the various experimental devices.
Appendix C gives the theoretical and experimental details
concerning one of the broadband transducers used in Chapter
4, Appendix D describes a narrowband matching network used
to improve the out-of-band rejection of a SAW mixer
discussed in Chapter 4. Finally, the author's VITA is

included,
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CHAPTER II

THEORY
2.1 General Piezoelectric Theory
A. Derivation of Linear Equations
In any piezoelectric problem there are
essentially six quantities that must be considered: stress
(Tij), strain (Sky), electric field (Ep), electric
displacement (D), entropy (S), and temperature (T). The
first two quantities are second-order tensors, the next two
are vectors, and the latter two are scalars.

By choosing Tj j, Dps and S as the dependent variables
and expanding in a power series, the following equations
can be obtained.2-1 Note that standard summation notation
for tensors has been used.2:-2 Note further that a
development very similar to the one given below can be found
in Reference 2.3.

- . 3T, . 32T, .
= gl S . + oL E L+ = (T-T) + 172 Er———ﬁl—~
n

S, .S
Sklasqr kl"qgr

+

2 2 2

g T.. 9 T, . 97T, .
1) 1 - 1) +
555 Sk1En * 3537 Sk1(T"To) * 5EE. Enp

k1°Fn k1 n°Ep

222, azwi. 5 -
—55;3% E_(T-T)) + 5qaad (T-T)* |+ ..., (2.1)
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| 3D 9D 2D, 82Dm
D = S + =— E_ + =—/—(T-T.)+1/2}s==——== S, ,S +
m s kl aEn n oT 0 asklasqr kl gr

32D 52p 3%p
m m

m
35, [9E_ k1Bn * 35 37 Sk1(T-Ty) + EE, +

k1l BEnBEp np

32Dm 320
'——n—— En(T"TO) + BTBT(T T ) + ..., (2.2)

2

s-s, =25 s+ 35 g 4 gg(T—TO) +1/2 |25
n kl “qgr

2 2 2
3”8 + 8 S 3”8

(T-T ) + ==
laT kl aEnBEp np

2
3”8 3”8 2
——;—— En(T-TO) + ST3T (T-To) J + ..., (2.3)

=€ gives the linear dielectric permeability,

5—il = C,. yields the linear elastic coefficients,

is the density times specific heat divided
by the absolute temperature.

By introducing the appropriate thermodynamic function,
which in this case is the Electric Gibbs Function G2’ several

important symmetry properties can be shown.

dG2 = Tijdsij - Dm dEm - S8dT (2.4)
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Thus, since the above is a perfect differential,

2G oG 3G
= 2 = - 2 = - 2
T35 35,2 ' Pn 5E_ ' S 5T (2.5)
ij m
It then feclliows that
2 2 A
aTii _ ) G2 _ 3 G2 _ oDn e (2.6)
3E 3S. .0E OE_38S. . 3S. . nij’ :
n ij n n 1ij 1)
2 2
STl _ ] G2 _ 3 G2 Y \ (2.7)
3T 35..8T  9T3S.. 35S, . ij’ .
i ij
2 2
EE@ = - 3_53_ = - ° G2 _3s = (2.8)
9T 3E_oT 9TOE_ _ BE P .
m m m

If all higher-order terms are omitted from Equations
(2.1), (2.2), and (2.3), the linear piezoelectric constitutive

relations result.

Ti5 = Cisk1 Skl = ®nij En - Aij(T-To)e (2.9a)
D = ©mk1 Sk1 * €mn En T PnfTTo)- (2.9b)
(5=S.) = A, S.. + p_ E_ + RS(p-7 ) (2.9¢)

0 k1 5x1 ¥ Pn Bn * 7 0 -9¢

If temperature changes are now neglected, Equations (2.9)

become

Tij = cijklskl - enijEn' linear piezoelectric

(2,10)

D =¢ E + e constitutive relations

m mn n mklskl'

mAL‘*"‘*“ -~ i b - .
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The other linear equations describing acoustic wave propa-

gation in an arbitrary, anisotropic piezoelectric medium are

as follows:z'4

oT, | 3%u.
1= o J ' equations of motion, (2.11)
0X. 2
i ot
aD,
e 0, derived from Maxwell's
1 equations under the
39 qguasi-static assump- (2.12)
Ei I e tion,
i
Ju au linear, strain-mechanical
s,. =172 | £ + 1 . : (2.13)
k1l Bxl axk ' displacement relations, .

where p is the mass density, ¢ the electromagnetic potential,
and u the mechanical displacement.
B. Solutions to Linear Equations
By substitution, Equations (2.10) through (2.13)

can be reduced to

ou %0,

3¢ _ j
€ijk1 3%, * ki 3%, e . (2.14)

j=1,2,3

Ju
k 36
ikl % - fik sx - - O (2.15)
ikl axli ik axki

| 8
y
o
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Surface wave solutions of Equations (2.14) and (2.15)
are assumed to be of the standard, complex travelling-wave
form in which Vs is the wave velocity, o the exponential
decay into the crystal, and w the steady-state angular

frequency, namely,

X
L s S
F i=1,2,3
- awx3 X1
o = 84 exXp |- exp |jw(t - V—J (2.17)
s s

The surface

traveling in

waves under consideration are assumed to be

the X¢ direction along a surface whose normal

The displacements and potentials

is in the X3 direction.

are considered to be independent of the Xp coordinate.

Substituting Equacions (2.16) and (2.17) into
Equations (2.14) and (2.15) yields a linear, homogeneous
system of four equations in the unknowns, 8¢, 85,6 8 3, and

84. The determinant of the coefficients of the unknowns in

LA A A T T
St S e P
AP T P I

these equations must be zero in order that a non-trivial

p:—n
éé solution exist. Since the fields must be bounded, or go to
?f zero as X3 7 ® | only the roots with non-negative real
;j parts are allowed. The roots are either pure imaginary or
' occur in pairs with positive and negative real parts. In
general for piezoelectric crystals, roots occur such that
E! four with positive real parts can be selected. Upon
L: obtaining the admissable roots, they can be substituted back
e
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into the linear, homogenous system of four equations, and
the unknowns, Bj, can be found to within a constant factor.
C. Derivation of Nonlinear Equations
Since this thesis deals with non-linear, or
higher-order terms, some of the symmetry properties
associated with the coefficients of Equations (2.1) and

(2.2) are also listed.

They are
SZT.. 32D e .. oC. .
D= - ni) . 1kl (2.18a)
SE_ 05, 351395, 35,1 °E, a
82Tij _azun de s e
SE_OE_ 3S..9E_ 3E = 55 - (2.18b)
n p 1] p p ij

The following dJdefinitions can also be made:

82T.. 3c, . 92D de
1 — ijkl m _ mn (2.18¢)
35, ,98S 38 ' 3E_JE 9E ' TT=
kl “qr qr np p

If terms higher than second-order and temperature changes

are now neglected, and the coefficients of Equations (2.18)

are substituted, Equations (2.1) and (2.2) become
©ijk1
Ti5 = ©i3%15k1 ~ ©niiBn * 1/2 asqr Sy15qr
aeni. aenij (2.19)
-2 ) 5 E - E E |,
askl kl™n DEp pn
e
= mk1l
Pn = ®mk15k1 ¥ fmn En t 1/2 I:qur SleQr
Je de
mkl mn (2.20)
= E .
+2 aEn SklEn * oEp En p]
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2.2 Convolution

A, Derivation of an Alternate Form of Non-linear
Equations (2.19) and (2.20)

The alternate form of non-linear equations (2.19)

and (2.20) above is based on the work of Ganguly and
Davis.2:5 The solution of their non-linear equations leads
ﬁ to a figure of merit, M, that is related to the material
constants of the piezoelectric crystal. For ccmpleteness,
it is shown in part A of this section that Ganguly and
b Davis' non-linear equations are equivalent to the non-linear
' equations above, (2.19) and (2.20). This is significant

tecause (2.19) and (2.20) were derived from the six

fundamental quantities: stress, strain, electric field,
electric displacement, entropy, and temperature. Part B of
this section gives the development of solutions to Ganguly
and Davis' equations, Part C explains other parameters
needed to describe the performance of a SAW convolver.

In the degenerate surface acoustic wave (SAW)

convolver, two oppositely directed waves with equal

frequencies are mixed due to the non-linearities of the
elastic, piezoelectric, electrostrictive, and dielectric

properties of the medium., A sum frequency with no spatial

TY Wy vowy
b o T e

phase variation is generated. This signal is detected by a
plate electrode along the delay line. This can be

visualized with the aid of Figure 2.1. Specifically, the

| AN TEVTYTTY
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two SAWS have wave vectors §1 and 12 = - k1 and frequencies

“ and ¥ = ¥q9. These waves travel in opposite directions on

L bea . T U U U |
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Figure 2.1 (Top) Schematic diagram of SAW convolver.

(Bottom) w, k diagram for SAW convolver. (The
term (ml - ml), (kl + kl) does exist, but is not

utilized and therefore not shown) .
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solid substrate of thickness D with an infinitesimally thin
metallic electrode on top of the surface. D is much greater
than the acoustic wavelength (A) so the substrate is assumed
to be semi-infinite for surface wave propagation. The only
assumption is that a signal at frequency W3 = W 4+ Y5 and
wave vector (parallel to the surface) 13 = 11 + kp = 0 is
generated due to the non-linear interaction. §3 = 0 defines
a standing wave. A coordinate system 1is chosen in which the
Z axis is perpendicular to the surface, and the X axis is
parallel to the direction of propagation of the incident
waves, The solid occupies the space Z < 0, and there is no
variation along the Y axis.

The stress equation of motion and the charge equation
of electrostatics in the stationary material coordinate

system are given by

2
9 u. oT. .
' b 1) _ NL
o} atz 3Xi FK (2.21)
9D; = o NI (2.22)
90X . 1
i

where p'is the density of the material, and Uj the particle
displacement vector. Equation (2.21) has units of force
and in the linear case is equal to zero. In the non-linear
case it will be non-zero, hence the symbol FgNL. Likewise,
Equation (2.22) has units of charge and in the linear case

is equal to zero. In the non-linear case it will be non-
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zero, hence the symbol Q;NL,
The constitutive reliations for the linear stress

tensor, Tij! and the linear electric displacement vector,

Di, are
oy
= ~ 9%
Ti3 T Cigk1 3%, T kij o (2.23)
o
_ T
D; = e 7%, ~ “ik B (2.24)

Here Cijk1s, €ik1s» and ejx are the elements of the second

order elastic, piezoelectric, and dielectric tensors,
respectively. ¢ is the electrostatic potential. Equations
(2.21) and (2.22) are the non-linear version of the linear
equations (2.11) and (2.12). Equations (2.23) and (2.24)
are equivalent to Equation (2.10), but have been written in
a slightly different form for convenience.

Up to terms quadratic in small field variables,
the non-linear quantities, FyNL and Q;NL, are given by

3T NL

NL__ i)
Fe T I, (2.25)

NL i (2.26)

1
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where TjjNL and p; ML have the following forms:

p, ML 3¢ iﬂ& +1/2 C ?2& ?Eﬂ
ij €kijlm o, X ijklm 3%, 9%
du_ ou
- 3¢ 3¢ _m_m
1/2 4444 o, 0% /2 Cisn1 3 %,
ou; duy 9y 34
* Cogm 3%, 3%, * Ckmj B (2.27)
3 du. du
p. N - g, 0 "k 1/2 e, . _J_1
i ijkl ox Bxl ijklm axk X
ou, Ju
3¢ 93¢ 1771
+1/2 €., R4 12e, — = (2.28)
ijk axj Bxk ikm Xy 9%

The parameters e€yjjim, cjijkimn, dk1ij,» and €jjg are,
respectively, the third order piezoelectric, elastic,
electrostrictive, and dielectric tensors. TjsNL  and D;jNL
are considered to be weak perturbations on linear quantities

Tij and Dj. TiJNL and D;NL are responsible for coupling the

two incident waves.
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The linear combination of Equations (2.23) and (2.27)
can be derived from Equation (2.19). The linear combination
of Equations (2.24) and (2.28) can be derived from Equation
(2.20). This can be done with the following

substitutions:2.6,2.7

ou, ou, 2 9
S..=1/2 |=—= + =L + —55- % (2.29)
ij 09X, 'c)xi Bxi 8xj
p)
_ 3 _ 3 Tk
E;, = X 9X. 9x (2.30)
Je ..
) =g (2.31)
aEp nijp

Terms of third and higher order have been neglected.
B. Solutions to Nonlinear Equations
The boundary conditions used in solving Equations

(2.21) and (2.22) are:2’5

NL _ NL _ NL _
T3+ Ty = To3 ¥ Toy =Tyt Ty =0 (2.32a)
¢ = 0 (short circuit) (2.32Db)

A & A & .8 a..a P A A A ek 3 > P —a PR
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d_ (b, + D NL) = 0 (open circuit) (2.32c¢c)
dt 3 3 TUez
3¢
5% - O
(2.324d)
¢ at z = 0.
L]
‘ At z = D, the boundary conditions are
u; = 0 (2.33a)
=0 (2.33b)
when D/A —+ o«
g‘ One can visualize these boundary conditions by referring
-
3 again to Figure 2.1. The subscripts 1,2,3 refer to
3

directions X,Y,Z. The acoustic wave propagates in the X

B Al ac S
-

direction along a surface whose normal is in the Z
direction. Z = 0 is the top surface, and Z = D is the
bottom surface. Equation (2.32a) means the surfaces are not
f. bound, but rather are free to move, Both top and botton

surfaces are at zero potential, and the mechanical

displacement has decayed to zero at the bottom surface.
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For brevity, the following notation is used:

T.=u. , j=1,2,3 (2.34a)

Ty =0 ' (2.34Db)

A perturbation method2.5 is used to solve the system of

Equations (2.21) - (2.28), and the solution is written in

the form
B =1,2,3,4 (2.35)

o' is the solution to the linear problem obtained by
setting FNL - q4NL = 0. 1'8  is the solution of Equations
(2.21) and (2.22) when FyNL and Q;NL are derived from
Equations (2.25) - (2.28) by substituting 0'8 for u; and

¢ . 0'B may be written in the form

g 4
T 1 - ; -
0B jk—l §=1 ABp exp [ap kl z] exp E.(wlt klx):l

4
< * —a* i +
+ 2k1 E . ABp exp [oap kl z] exp [1(wlt klx)]

(2.36)

-> >
representing the two incident waves (w1, ki) and (®1,-k1) of
amplitudes g4 and go respectively.

The calculation of the decay constants ap y the

coefficients ABp’ and the surface wave velocity Vg = w1/Kk1
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to satisfy the boundary conditions is standard.2.-8 The
equations of motion for lTB can now be obtained by
calculating the driving terms FyNL and Q;NL from Equations
(2.25) - (2.28) and (2.36).

Coefficients from the series solution of lTB can be
used to define a quantity called M. This M factor is the
strength of acoustic non-linearity for any specified
direction of propagation and is used as a figure of merit.
For the Y cut, Z propagating orientation, GangulyZ2.5
calculated M = 2.63 X 10-% Vm/W (units are volt-
meter/watt). This can be compared with the measured values
of 0.79 X 10-4 Vm/W (Ref 2.9), and 0.9 to 1.2 X 10=% Vm/W
(Ref 2.5). The agreement between theory and experiment is
actually considered quite good for this orientation,
especially considering the inaccuracy of the higher order
constants used in the theory. The non-linearity is
dominated by third order piezoelectric constants.2.5 As the
propagation direction is rotated away from Z, the
piezoelectric interaction decreases, and the
electrostrictive interaction increases until both make about
the same level contribution. The dielectric and elastic
interactions are small for all propagation directions2:5 on
Y cut crystals,

For the crystal-cut 128° from Y and X propagating, M
is calculated2:5 to be 1.02 X 10-% Vm/W, This orientation
is also referred to in the literature as 38,X meaning the

surface perpendicular is rotated 38° from +Z which, of
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course, is equivalent to a 128° rotation from +Y. The
piezoelectric interaction dominates for angles of
propagation in the vicinity of 55° away from +X, where M is
largest. Unfortunately, the linear piezoelectric coupling
is very small for this orientation. For other angles, the
magnitude of the piezoelectric interaction drops to levels
comparable to that of the other constants, particularly the
2.5

electrostrictive and dielectric.
For X cut LiNbO3, numericalcalculations show that M=0
for any propagation direction, In this cut the crystal
surface is a plane of mirror symmetry, and the non-linear
interaction does not produce any electric potential. In
general, the piezoelectric interaction tends to dominate in
orientations where M is large, and the Y, Z orientation 1is
evidently one of the best for convolution.
C. Definition of Convolver Output Quantities
It is now well-established2.10,2.11 tnat the RMS

open-circuit output voltage, Vo, Of a degenerate acoustic

convolver is proportional to the product of the two acoustic

input power densities (Pqa/W, Ppa/W), and it can be

expressed by the general relation:

_ M
VO (2w) = W (P P,.) ’ (2.37)

where W is the beam width of the two incident waves. From
Equation (2.37) it is seen that the narrower the beamwidth,

the larger the output voltage. To determine the best
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performance of the device, it is necessary to consider the
maximum power available at the output port. To do so, the
internal impedance of the system must be known. It is
defined as the ratio of Vo to the short circuit output
current. This impedance can be expressed as a function of
the medium parameters by solving the linear problem, and by
viewing the non-linear effect as an extra electric charge
generator.2.9 The solution is rather simple if the system
is reduced to one dimension normal to the surface of the
substrate. The real part of the internal impedance, Ry, is
then found to be proportional to the ratio of the bulk-wave
piezoelectric coupling coefficient, ryy, to the area of the
interaction region, WL (See Figure 2.1). The imaginary
part, C4s is proportional to WL. The capacity due to the
substrate thickness, C,, must also be included and is
usually smaller than Cge Using these terms and relations

the internal impedance can be written as:

- _a 1 1
Zi T WL * jca2wWL * jc02w (2.38)

where rg = WL Ry and cy = Ca/WL. The maximum available

power follows:

p - _ . (2.39)
max 4Ra 4r

By using Equation (2.37), Pp.y can be expressed as follows:

Pmax = Fint Pla P2a (2.40)
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. where Fint Ir w 5 ) and (2.41)
i-u a 4 Raw
Pia = Pi - ILi’ i=1,2. (2.42)

A A A
e e

Fint 1s the bilinear factor of the device, and IL is the
insertion loss of the SAW transducer. From Equation (2.41)
one may compute the internal resistance, Rz. In a typical

example2.9 R,=3 ohms. A measure of V, across a 50 ohm

load, therefore, is a valid measurement of the open circuit
output voltage because Ra << K50 ohms. One obvious
conclusion is that the narrower the beamwidth, W, the larger
Fint is. Since measurements are made in electromagnetic
power rather than acoustic power, one more parameter is

needed:

= out
ext P, P

(2.43)

where all powers are now electromagnetic.

Typically Pout falls considerably short of Pmax Mminus

the two transducer insertion losses. The other losses can

be accounted for with the following equation.z'12
F = 1 + T4 + M2 + H2 + 1 + transformer loss
ext w2 2RL

+ BWC + acoustic + W (2.44)

-_)

loss 1loss mw
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where each term is expressed in dB. In this last equation

1 = sheet current in the ouput electrode which
W2 is proportional to the reciprocal of the
acoustic beamwidth squared, the beamwidth
being expressed in meters,
T = transducer insertion losses (two),
M = figure of merit as discussed in section 2.2B,
Voc
%ﬁi = correction for voltage-to-power conversion,
transformer = a transformer may be used to impedance
9 loss match the output,
t! BWC 1loss = a beamwidth compressing multistrip coupler
Ef may be used to decrease W,
ii acoustic loss = losses due to propagation, diffraction,
x beam steering, multimoding, etc., and
: W
¥ e = 30 dB: converts watts to dBm.

Two typical examples are presented in Table 2.1. The
first is from a convolver made by Thomson CSF (T-CSF) which
operated at 156 MHz; the second is from an 800 MHz RADC

device, discussed length in Chapter 3 of this thesis.

T v-*'*_v‘ R —
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(T-CSF) (RADC)
1 +78 +76 dB
w2
4
T -16 -15 dB
2
M -81 -87 dB
2
I‘;@— -21 -20 dB
L
transformer -0.5 0 dB
loss
BWC loss -1.5 0 dB
Acoustic loss -1.0 ~-16 dB
W =30 -30 dBm
mw
F -73 -92 dBm
ext
Table 2.1 - Convolver Losses

The investigations in Chapter 3 of this thesis focus

on the acoustic loss term in the above example. The larger

operating frequency (800 MHz versus 156 MHz) was chosen

e because it offers the possibility of much 1larger
L instantaneous bandwidth. As will be seen in Chapter 3,
;  there are many contributions to the acoustic loss term.
'@

e Measuring, understanding, and minimizing these losses were

Lo the primary goals of Chapter 3.
t
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2.3 Collinear Mixing: A Two-Parameter Phenomenological
Meodel

A. Derivation of Equations
Collinear mixing is represented schematically in

Figure 2.2. A physical transducer layout is shown in the

upper portion, while the «,, diagram is given below. In the

previous section it was shown that some orientations of

Y FTIT YV
A LU

:‘ certain piezoelectric crystals have relatively strong non-
linearities. Mixing takes place when two signals are
multiplied via the non-linearities of the crystal. This can
E! be seen from the identity

2 cos A cos B = cos (A-B) + cos (A+B), (2.45)

where A = (kqz - ®1t) and B = (kpz - @pt). Equation (2.45)

applies only to the sum and difference, while in actuality
the fundamental signals, first order mixing products, and
harmonics (a signal mixing with itself) also mix with each
other to produce higher order products. The process
continues, producing an infinite series of products.

Most researchers have chosen a crystal and an
orientation known to have strong non-linearities and then
sought equations to describe the build up of observed non-
linear products. Much of the early work was for second

harmonics and at low frequencies (10-200 MHz),2:13-2-15

These equations predict that harmonics continue to build up
until attentuation loss starts to dominate. This has been
verified experimentally within the limits of available

substrate length. However, at higher frequencies (greater

YT Y T T T T
St e
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COLLINEAR MIXING
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| & Figure 2.2 (Top) Schematic diagram of SAW collinear mixer.
& (Bottom) w, k diagram for SAW collinear mixer.
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than 400 MHz) attentuation and dispersion become much more

AT e

important and cannot be neglected.2'16'2'19
Since attenuation and dispersion are so important at

higher frequencies, it is the purpose of this section to

IT DO
O

. ot .

e R
.

describe a theory that includes these effects. In the
previous section it was stated that quadratic terms were

adequate to describe the non-linear interactions and that

these non-linearities depend on both second order and third

order material constants. One of these constants may

dominate for a particular crystallographic orientation, but
its relative contribution will change when the orientation,
i.e. the direction of propagation, is changed. The approach
taken in this section is to combine all the non-linear
contributions into a single parameter, B , for each
orientation. B may either be related to M which is
calculated from the material constants as described in the
previous section, or determined indirectly by curve fitting
to experimental data as described below.2-13,2.20 0n the
free surface of a crystal (and on any plane parallel to the

free surface) the one dimensional wave equation applies:

[+%
n
(\¥]
@
[92]

(2.46)

|
|

@
t
[\S)
[}
[o%]
[N
[Z®)

where S could be any displacement, s%rain, or combination of
surface wave variables, and Z is the direction of

propagation. The fact that S decays with depth from the

S GNP S S P G A G S N P O S R i,
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surface is implicitly contained in the value of Vg used.
The simplest model which can be proposed for describing the
mixing of acoustic surface waves is one dimensional and
contains a single parameter characterizing the non-
linearity.

A phenomenological model is followed which was
postulated by Adler, et al,2-13,2.20 and introduces a
quadratic non-linearity by means of a single non-1linear
parameter. Associating S with a strain and replacing S by

S + % S2 on the right hand side of Equation (2.46) gives

2 2
§_§»= vi 9—5- S + s> (2.47)
ot 3z
or
2 2 2.2
s

Cht Vi G vg Gl (2.48)
3t dZ 0z

Equation (2.48) is then the one-dimensional, single-
parameter, mathematic model postulated, 8 being the
phenomenological non-linear parameter. In Equation (2.48)
the left hand side is the linear wave equation; the right
hand side is the non-linear term representing the source of
the parametric interaction.

Consider a group of surface waves propagating in the
Z direction consisting of many different frequencies. A
strain associated with this disturbance can be written as a

sum of strains over all the frequencies.
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S=1,s8; = in(z) cos [kiz - mit]
+ Y, (z) sin [kiz - mit] (2.49)

where X; and Y; are the strain amplitudes in the X and Y
directions respectively. They are assumed to be slowly

varying in the sense that they satisfy the following

conditions
2
0X. 37X,
1 i 1 i
X, >> — >> >> . . . (2.50)
i ki 22 k2 822

This implies that the amplitude changes are small within an
acoustic wavelength. For compactness it is convenient to
define

Co(1i)

cos [%12 - ‘“it] ) (2.51a)

Si(i) sin [%iZ - <nit] > (2.51b)

and rewrite the strain equation (2.49) as

S= IjSi= IjXjCo(i) + ¥; sili) (2.52)

which is just an "in phase" and "quadrature" decomposition.

Then
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Co (i)

o
| 8
n
1
[
=
r |
o~
N
=
[l
+
8o
~
@
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P
J

2 9Ky
+ |-x? v, - 2k, L Si (i)
1 1 1

+ terms containing second derivations of

X; and Y, (2.54)

which we omit because of condition (2.50).

n
]

z X
Zp q [Xp Co(p) q Co(q)

+

xp Co (p) Yq Si(q) + Yp Si(p) Xq Co (q)

+

Y, Silp) Y, Sl(q)] (2.55)

2
95~ Lz E( X Col(p) QE%%QL + Xp Xq Co(q) QQ%éEL

+

X Co(p) Y

381(q) 4 x y si(q) 2C0R)
p q 0z P 4

+

. 9Co (q)
yp Si(p) X 5 + Yp Xq Co(q)

q

+

: 38i(q) :
Yp Si(p) Yq s T Yp Yq Si(q)

+

derivati t of Y Y X and X 2.56
erivative erms pr Yqr Xo (3] ( )

2
878 =5 1 [x x_ cop) 2Col) 4 x x 2C0(q) 3Co(p)
P a P 4 5z P g VA zZ
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aCo (q)

¥4

3Co (p)

0z

381 (q)

3z

0S1i(p)
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3Co(q)

33
32co (p) 5Co (p)
+ X X Co ————QE— + X X
p Xq 0@ 3z P a 29z
5251 (q) 581 (q)
+ X_ Co Y ————Zﬂ— + XY
p 0PN ¥q 7 P g 3z
aZCo(p) 3Co (p)
+ X Y Si ) ———=——~ + X Y
p Yq 509 322 P a 23z
32co(q) 5Co ()
+ Y si(p) X ——~—79~ + Y X !
P a ., p °q  dz
azsi( ) 951 (p)
+ Y X Col(q) ————7E~ + Y X 1P
P q 5z p q 29z

-+

Yp Si(p) Y
+ Y Y 8Si
p Yq (q

+ first and

and X ‘]
q

Next, derivatives
identities
2 sin A sin
2 cos A cos
and 2 sin A cos

are used, related

9z

3Si (p)

BZSiégl +y y ©88i@)

9z

95i(q)

4 5, P g9 o9z
3%5i (p) 35i (p)
) £2P) oy oy 222 P
52° P q oz

second derivative terms of Yp' Y , X,

o2

are taken, like terms are combined, the

B = cos {(A-B) - cos (A+B), (2.58a)
B = cos (A-B) + cos (A+B), (2.58Db)
B = sin (A-B) + sin (A+B), (2.58c¢)

terms are reduced to perfect squares, like

terms are again combined, and derivatives of Y , Y , X , and

Xq are dropped because of condition (2.50).

2.2
9 S =11 [}/2
2 p"q

1% q
Finally,

p

2
k +k X X ~-YY)C +
( q+ p) ( D q) o (p+q)

P qg

Sintindnatod el o i
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2
+1/2 (k_-k X X +4Y Y ) Col(p-
/(qp) (pqpq) o(p-9)

2 .
+ 1/2 (k_+k X Y +Y X ) Si(p+
/(qp) (pqpq) i(p+q)

2 . I
- Y.. -
+ 1/2 (kq kp) (Xp q prq) Si(p-q) (2.59)

B. Addition of Dispersion Parameters to the Equations
Now we introduce the dispersion parameters, A
and Ad as shown in Equations (2.60), where s means sum and d

means difference. Then

Co(p+gq) = sin (Asz) Si(p+q) + cos (Asz) Co (p+q) (2.60a)
Co(p-q) = sin (Adz) Si(p-q) + cos (Adz) Co (p-q) (2.60b)
Si(p+g) = cos (Asz) Si(p+gq) + sin (Asz) Co (p+q) (2.60c)
Si(p-q) = cos (Adz) Si(p-q) + sin (Adz) Co (p-q) (2.604)
Equations (2.60) are then substituted into (2.59). Then the

new version of Equations (2.59) plus (2.54) and (2.53) are
substituted into (2.48). After equating sine and cosine co-

efficients in this equation one obtains

9% 8 3252

e Si(i)ecoefficients of > (2.61a)
i a2

oY.

QO
N
N

-8 3282
—2* = R Co(i)rcoefficients of 5 (2.61b)
i oz

N . o o . . - L N P T S
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Finally, we account for the heretofore neglected

attentuation by adding terms -aj Xi and - i Yi to

Equations (2.61a) and (2.61b). Thus, we have

IXy E 5252
37 T %y Xy + R Si(l)-coeff1c1ents of 5
i 22
(2.61c)
A B . L 2252
57 - T ai yi Y Co(l)-coeff1c1ents of 3
1 o0z
(2.614)

The following table is an aid in understanding the meaning

of the subscripts.

i p+ q P -9
1 1T + 1 1 -1
2 1 + 2 1 -2
1 + 1 1 -1
2 + 2 2 -~ 2
3 1T + 1 1 -1
1 + 2 1 -2
1 + 3 1 - 3
2 + 2 2 - 2
2 + 3 2 - 3
3+ 3 3 -3

Table 2.2 Definition of subscripts for mixing
Subscript i is the number of input frequencies. Subcripts p
and q represent the first order mixing products produced

from i inputs.

- - - . .
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Equations (2.61c) and (2.61d) are a system of coupled
ordinary differential equations describing the amplitude
variations of each frequency component (Xi,Yi% They are
an initial value problem with B and the A's as free
parameters, Such a system is easily solved by standard
numerical integration routines. Initial values,

frequencies, and attenuation constants, a

i, must be knownh

apriori. If one can then find a B and a A by iteration
such that measured and calculated values agree, then the
model is good. If velocity changes linearly with frequency,

then As = Ad making the equations simpler.

C. Discussion of Dispersion and Diffraction

The above equations have been solved by Adler, et

N al1.2.13,2.20 They then compared the solutions to
f experiments using X cut, Y propagating o- quartz, (110)
cut, (001) propagating BGO, and Y cut, Z propagating LiNbO3
Lh at various frequencies. Agreement between theory and
Eg; experiments was excellent. Of particular interest was the
tif agreement with the experimental results of Slobodnik2.10
:’: using Y,Z LiNbO3 at a fundamental frequency of 900 MHz.
E;t Agreement was excellent for all four harmonics with g = 0.57
£;  and A = 6.2 cm=1. One conclusion drawn from this is that
i!j even a well polished bare substrate has significant
i% dispersion that cannot be neglected. This is because there
; is always some degree of roughness left no matter how good
L-- the polish. This of course becomes more important at higher
i . frequencies because a given roughness becomes a larger
o
-




P
]

B Pt
. . i
Wt

i

4

L A4 AR AN R ¢
s .
S

37

fraction of one acoustic wavelength., The significance of
dispersion is further supported by the experimental data in
Figure 2.3. Here we see that the distance from the input
transducer at which the non-linear product peaks is not
predictable regardless of whether it is a harmonic, sum, or
difference. The conclusion is that the dispersion varies
between the experimental samples due to differences in
sample preparation. The only other variable that affects
the spatial dependance of the non-linear products is
attentuation, and it is well known and predictable,2.21
(Note: all the data in Figure 2.3 is for Y,Z LiNb0O3, and all
samples were well-polished by SAW standards). Several
figures in Chapter IV give additional data showing the build
up and decay of non-linear products for various conditions
and frequencies, From those figures, various
references2.13,2.16,2.20 and the equations in this section,
one can conclude that the growth and decay of non-linear
products has the following functional dependance: I(x) =
eBX 4 e-aX cos(A). I is the intensity of the SAW; X is the
propagation direction; B is the strength of the non-
linearity; o 1is the attentuation constant; and A 1is the
dispersion parameter, 0 is well-known and has the form
o = af+bf2 where f is the frequency of the SAW. Thus, the
non-linear product has an exponential growth, and the decay
is an exponential multiplied by a cosine. The dispersion
parameter, A , 1s the one that varies from crystal to

crystal; o and B can be predicted with reasonable
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confidence.

A further consideration is the diffraction of the
fundamental signals. Figure 2.4 shows a set of profiles of
two fundamental signals as a function of distance from the
input. Here we see that one fundamental is diffracting much
more than the other. These plots were taken from an actual
device described in Chapter IV, To date, all theoretical
predictions of build-up and decay of non-linear products
have assumed no diffraction, Thus this is another source of
error in trying to predict the build-up and decay of non-
linear products.

For the above stated reasons of diffraction and non-
predictability of dispersion, there was no attempt at
predicting the spatial dependance of build up and decay for
the harmonics or sum and difference frequencies in Chapter
Iv. Rather, they were experimentally determined with a
laser probe (see Appendix A and Chapter IV), And it has
already been shown that by curve fitting with the two
parameter model discussed in this section, agreement with

theory can be obtained after the fact.

2.4 Non-Collinear Mixing
A. Introduction
The idea of non-collinear mixing is best
introduced by considering the schematic at the top of Figure
2.5. Here there are two fundamental inputs, one of which
makes a small angle (5°-15°) relative to the other. The

dashed lines show that a sum frequency can propagate in the
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(w|+w2),(k|+k2) d

Figure 2.5

(Top) Schematic diagram of non-collinear mixing
inclr1ing three possible types of interaction.
Each of the signals makes an angle, 8, with the
+x crystalline axis, e.g. 85 = 90° for Y,Z and

82 = 0° for 38,X LiNb03. (Bottom) w,k diagram for
the signals above. Dashed lines give the projec-
tion of each signal into the k plane.
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region between the fundamental inputs, and that the
difference frequency can propagate in either of the regions
outside the boundary of the fundamental inputs. The angle
of propagation is determined by the ratio of input
frequencies, @1/ %. In general, there will be a sum and
either difference frequency simultaneously present. As the
ratio Wq/®p is varied, the two signals are steered within
their allowed regions. The botton of Figure 2.5 gives the
w ,ﬁ diagram for each of the possible cignals. The dashed
lines give the projection of the various vectors onto the'i
plane.

There are several necessary conditions for non-
collinear mixing to occur, One is a sufficient power
density to adequately couple to the crystal non-linearities.
Another is that the phase velocities of the non-linear

wliwz

products | , must approximately match the acoustic

> >
% %,
velocity of the crystal for the intended direction of
propagation. One consequence of this is that non-collinear
mixing is not possible on isotropic crystals, whereas
collinear mixing is. Further, the generation efficiency of
the mixed signal depends on how closely the phase
wltmz

[, =K, |
1772

velocities, , match the velocity of the crystal

for that direction of propagation.
B. Derivation of Phase Matching Equations

The necessary conditions and eguations for phase
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Assume that an

matching will now be formally developed.

input surface wave beam has frequency 1 and wave vector

> >

K1, where k1 makes an angle 01 with the reference direction.

Let this intercept the other input beam of frequency w2 and
>

wave number K, making an angle 62 with the reference

direction. Each of the signals makes an angle, 8p» With

the +X crystalline axis. For example,

% equals 90° for
Y,Z and 8, equals 0°for 38,X LiNb03. A third beam with
+

3
amplitudes of beams 1 and 2 are sufficient for non-linear

frequency w and wave number K; will be produced if the

mixing and if the following conditions representing

conversion of energy and momentum are met:

i+
I+

Wy Wy (2.62)

w

~Y

(2.63)

w 1+
[
N

The angle between E; and the reference direction is
designated e§ . Under conditions where the difference

frequency surface wave is perfectly phase matched, the sum
frequency beam will in general be mismatched. A quantative
measure of this mismatch is
> ->
- (k, + k,) (2.64)

. Beams 1 and 2 are
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the inputs, and beam 3+ is the generated sum frequency. v§
is the phase velocity of the surface yaye 3+ at angle eg
from the reference direction. V(© g) is the surface wave
phase velocity of the substrate material at angle 6 ; from
the reference direction., Equation (2.64) can be separated

into components as follows:

>

Ak = kD 8y - k 8. - k ]
= 3 cos 3 kK cos 1 2 cos 62 X
+ k7 sin 6. - k, sin 8, - k 1 3 2.65
3 sin 3 1 sin 1 o cos 62 b% (2.65)
or
N > '~ ~ .
sk = |ak] [% cos 8, + y sin e+] (2.66)

>
where 6, is the direction Ak makes with the reference

direction,
|ky - 8K| sin 8, = k; sin 8, + k, sin 0, (2.67a)
k3 - 8K| cos 65 = k; cos 8, + k, cos 6, (2.67Db)

sin 6, + sin ©
Thus, tan 6, =

(2.68)
cos B, + cos b
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k

Substituting El =
2

<
£

=
(SIS
€
N =

— into Equation (2.68),

rearranging terms, and using a trigonometric identity gives

v, Ssin (62 - 8.,)

3
l)

_
\)

€|H€

N

sin (93 -8 (2.69)

Equations (2.68) and (2.69) may be though of as the phase

information in (2.64)., The magnitude information in

Equation (2.64) can be obtained by squaring each of
Equations (2.67), adding them together, and using

trigonometric identities. The result is the following

relation:

>+ >02 _ L2 2
Ik3 - AK]C = k] + k; + 2k, k, cos (8, - 8,). (2.70)

The left hand side of Equation (2.70) is equal to

2
> > 2 w3ty .
|k, + k2| and |— . Equation (2.70) can then be
V3
. . 2 ~w .72 .
divided by k2 =12 to give
| 2
wy 2 mZT 2 v, 2 Wy 2 v, 2
Lral | o s, v !
2 V3 2 2 1
w, Vv
+2 L 2 cos (8, - 6,) (2.71)
w5 Vi 1 2




'7jﬁiﬁiﬂ@

T Y TTLTEYY

d

46

Next, Equation (2.69) can be used to replace El_
2

right hand side of Equation (2.71) giving

in the

+ . 2 ,
0 w_l)z ) [\ié:lzl:l . sin (92-93) . sin(6,-6,)cos(6,-6,) ]

51n(63—61)

(2.72)
Rewriting Equation (2.72) gives
Y ‘I:VZ:I sin(64-6,)
TP L2 -2 .
(1edy V3 [sin®(8,-65) + sin®(6,-6,)+
(.02 1
: _ . _ 1/2
2 sin (62 63) sin (63 el) cos (62 61)]
(2.73)
In shortened notation this becomes
v sin(6.,-6,)
i =_% ——31/21 ) (2.74)
1+_l V3 Denom
©a
, 2 , 2 .
where Denom = [;1n (62-83)+51n (63-61) + 251n(62-63)
-sin(83-61) cos(ez—el)] .
Squaring Equation (2.74) and rearranging yields
2 .2
V3 2 ) YZ sin (63 el) ) 1 (2.75)
(m2+w1) w% Denom |E1+§2|2

M"“‘*“““—**L‘"" : Soheninfenednni
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Finally, an equation for the phase velocity of the
mixed frequency beam is obtained by multiplying Equation
(2.69), the phase information, with Equation (2.75), the
magnitude information, First, however, Equation (2.69) is
put into a more convenient form. This is done by adding 1
to both sides, squaring, and putting terms over a common

denominator. This gives

2 _f2 .2 _ . _ , _
(w2+ml) —-Eé sin (63 81) + 2V1V2 sin (62 63) sin (63 61)
) 2 2 2 2
+ Vl sin (62-63)] /V2 sin (63—61) (2.76)

This can be reduced to

2 2 . . 2
(w2+wl) _ w5y [V2 sin (63 el) + Vl sin (62 93)]

(2.77)
2 .. 2
1 V2 sin (83-61)
Now, multiplying Equation (2.77) by (2.75) gives
2 . . 2
@yt ? [vl sin (6,-04) + V, sin (0,-6,) ] 2. 78)
|§1+§2|2 Denom

The following trigonometric identity, valid for any

83, has been found.2:22

Denom = sin2 ( &, - 84) (2.79)
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This can be proven by expanding all the terms, then
combining and cancelling carefully. With this substitution,
Equation (2.78) reduces to
+0 )2 V, sin (6,-6.,) + V., sin (6.-6.) 2

1 2 "3 2 3 71

*2 S—% = 1 : (2.80)
|k, +k, | sin (8,-6,)

(w

In full generality Equation (2.80) can be written in the

form

2

(0g%w,) Vv (8)) sin (92-e§) +V (0,) sin (o%-6))

e ] _
|k1_k2| sin (62 61)

(2.81)

where V( 64q) is the phase velocity of the medium at the
w,tw

1 +

—_.-=V(e )

& 3

|yt R |

which is the surface wave phase velocity of the material

angle 06¢q from the reference direction, When

under consideration at direction 9;, a perfectly matched
mixed frequency beam is generated. This condition, referred
to as the phase matching condition, must be met at least
approximately if the sum or difference frequency beam is to
propagate in the medium. For Y cut LiNb03 and one input on
the Z axis, an exact phase match can only be obtained for an
input beam separation of 3° or less.2:22 The same is true
of 41.5° rotated Y-cut LiNbO3 with one input on the X

axis.z‘22

R
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C. Equations for Approximate Phase Matching
An exact velocity match is not required for mixed
frequency beam generation if the beam interaction is short
enough. In this case, the difference frequency beam
ampliyydé, A3, varies in the interaction region as2-22

bx3
sinh - (2.82)

L1
A3® p

where X3 is the interaction length (Regions I and II of
Figure 2.6), and b depends on the input beam amplitudes,
phenomenological coupling constants, and the wave vector
mismatch Ak = E3 - (ky - kp). For experimentally
obtainable beam amplitudes, b = ilAﬁ'[ unless AE is nearly
equal to zero. Thus the hyperbolic sine is Equation (2.82)

. ->
becomes sin(1/2 . Ak - X3). The right hand side of Equation

(2.82) can then be written as

A, = 1/2-X3 sin (1/2 - A

3 3) (2.83)

(/2 « A

(This variation in amplitude is due to dispersion and does
not occur for the case of perfect phase matching). When X3

is held fixed, A3 decreases by a factor of 1/2 as 04k

increases from zero to "/X3. Thus if the condition

Ak - X. < m (2.84)
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is met, it should be possible to steer the wave vector of
the difference frequency beam over a continuous range of
angles, ( 03), simply by varying the ratio of input
frequencies given by Equation (2.69). Thus, if ZSQ varies
from 0 to m/X3, the power in the difference frequency beam
would decrease by 20 Log ( w/2) or 3.9 dB.

The value of Aﬁ'for difference frequency generation

is given by the following expression:

Ak = k, - k (2.85a)
3 3 4
V_
3
or
> V3~ V(e3) -
Ak = |———— K, (2.85b)
V3
Combining (2.85b) and (2.84), we obtain
sk _ V3oV oMy oy (2.86)
X V= T ox,2m 2
3 3 3 P
X3
where p = o is the length of the interaction region in
3

difference frequency wavelengths. For example, a phase
mismatch of 1/100, or 1 percent, requires that p be less

than 50 wavelengths.




D. Designing Non-Collinear Mixers

To design a non-collinear mixer, the various
equations must be used in the following manner. Equation

(2.86) is used to compute the required interaction length,

p, for a given QE . A value of AE must be chosen with
- >
ki3 k3

the knowledge that a larger éE requires a smaller p. As p

k3
gets smaller, the mixing efficiency decreases because there
simply is not enough interaction time to produce sufficient
difference frequency signals. Conversely, a longer
interaction region limits the range of 63 for which the
additional loss penalty is bounded by the 3.9 dB mentioned
above.

Equation (2.81) is used to find a phase matched or
near phase matched condition. 01, 6o and their
corresponding phase velocities are chosen. Then Equation
(2.81) is iterated until a 63 is found for a phase match or
near phase match. If no match is found, a new value of 01
is chosen, and the iteration continues. This process is
best done by computer, and has been tabulated in graphical
form by Davis2.22 for several common materials. A phase
mismatch is related to the interaction length, p, by
Equation (2.86) and to a loss in mixed frequency amplitude
by Equation (2.82). Finally, Equation (2.69) is used to
compute wq after w> is chosen by the designer.
Transducer aperture is independent of the equations

presented here, In general a small aperature will give




8 Mo Ataed Al Sadt i 1 CHA T S Jalif - Y Y v W e W W W W W & v

52

greater acoustic power density and is limited by diffraction

. - """"-"A‘TIF _; v 7
e
. e X

and increasing radiation resistance which may be difficult

to match to the rest of a system.
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Equations (2.69) and (2.81) have been solved by

Davis@+22 for Y cut LiNbO3 and 41.5°rotated Y-cut LiNbO3

+
with lik < 130 . The results of those calculations are
3
listed in Table 2.3 along with three measured examples from
Chapter V.
Material p 92 91 93
Cut (2 (Deg) (Deg) (Deg)
Theory Y 50 90 100 103
Exp. Y 180 90 100 106
Theory 41.5 50 0 10 -4
Exp. ‘ 38 150 0 10 -6.8
Theory 41.5 50 0 10 15.5
Exp. 38 152 0 10 16.8

Table 2.3 Angles of phase velocities and interaction lengths

for non-collinear mixing difference frequencies on LiNbO3-

Theory data are from Reference 2.22 Experimental data are

from Chapter V of this dissertation.

9i are the angles of the phase velocities, and p, the
interaction length, is computed using the group velocities
associated with 65 and ®;, Note also that the interaction
region is triangular in shape (see Figure 2.6), and that
Davis' calculations are based on a rectangular interaction

region. Therefore, the effective 1length for the

e e e e e o o e . " PR . WU SIS Yy K NPT ST SO VU P SUY S SUTP U S Y G SO VU SR YUV W IS .,J
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- Figure 2.6 The difference frequency amplitude is non-zero in
= three regions labeled I, II, and III. I and II are
N in the interaction region. Depending on the ratio
b, of input frequencies, Region III may instead

4 exist below the lowest region shown. (See Figure
= 2 L) 5)
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b experimental values in Table 2.3 is somewhat shorter than
indicated.

Since in each example, p is longer than the
theoretical value, the maximum value of 83 Should be reduced
to compensate. Instead, the 93 values used in the
experiments were slightly larger. This analysis identifies
one area where the efficiency of the devices in Chapter V
could have been improved. The larger values of 63 Wwere
chosen because it was desired to achieve as much spatial
separation as possible between wq and wp at angles g1 and
82. Smaller values of 93 were not chosen for this reason.

A few comments should be made concerning Equation
(2.69). Velocities V4 and Vo refer to angles 61 and

92, respectively. In general, the equation represents a
family of curves, one for each combination of 64 and 0.
63 is the independeant variable, and the velocities are
found from Slobodnik's handbook.2.23 [ uation (2.69), or
one of its curves, is used to obtainwq/ wp after 64, 6 2,

and 63 are known. Recall that this value of 63 is an upper

limit and smaller values may be freely chosen., Figure 2.7
demonstrates how the shape of the curve changes as the angle
between ©1 and ©, is changed. Figure 2.8 shows that the
curve is symmetric about 6, when 841 is changed from an
angle less than 6, to an angle greater than 6p. Two
aspects of these curves are consequences of Equation (2.81).
The first is that the sum frequency is generated for 83

between 67 and 65, and the difference frequency is

. B -
A el St . P RPN W T YT S 1 faa. U " VOV T N S . S DEC G SNPSr SpNrSURE S S A S O A.J
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Figure 2.7 Frequency ratio required to steer aom@xed frg-
gquency product on Y cut LiNb03, (90° is Z axis).

The mixed frequency propagates at 63.
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Figure 2.8 Frequency ratio required to steer a mixed fre-
quency product on Y cut LiNbO3. (90° is z axis).
The mixed frequency propagates at 83.
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generated for all other values of 63. The second is that
if a perfect phase match is obtained for the difference
frequency, then the sum frequency cannot simultaneously have
a perfect phase match, and vice versa.

There are several possible applications for this
device. A directional coupler cou'd use the property that
no mixed frequency is generated in the reverse directions.
Also it could be used as a switch with ®1 steering to one
output port or ancvther. As a mixer, however, this steering
property tends to limit bandwidth since it will steer past
the out t transducer. Therefore, for mixing, it is
necessary .o use a portion of the curve (Figure 2.7) that
minimizes this effect. For example in the top of Figure 2.8
8S w41/ wp varies from 3 to 6, 63 changes 1.50, while in

cc rast varying w1/ wp from 1.5 to 3 causes 63 to change

by 6.50.
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CHAPTER III

CONVOLUTION

3.1 Introduction

The degenerate elastic surface acoustic wave (SAW)
convolver is a monolithic device.3:! This makes it
inherently low cost, light weight, and rugged. It is used
to perform the matched filter function.3.! The coded
reference may be any arbitrary waveform since it is
generated externally and then input to the device. Further,
the code rate and waveform type may be changed at any time
making this an even more attractive device, There are
several schemes involving external electronics to make the
convolver into an asynchronous correlator‘.3'2

The emphasis of this chapter is to determine whether
it is practical to work at 800 to 1000 MHz input frequency
where there is potential for extremely large instantaneous
bandwidth. The result is that practical convolvers with
input frequencies in the 300 to 800 MHz range can be
achieved provided the special problems associated with high
frequencies are dealt with properly.

An elastic convolver is shown schematically in Figure
3.1. Multiplication of the reference and signal inputs
takes place as the acoustic signals pass each other due to

elastic non-linearities in the crystal. Integration is

P P U WY W S Y -
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2 Figure 3.1 (a) A% film forms the 8.6 mm long output plate.
< The ground plane is a metal slab underneath the
. LiNbO3 crystal. The signal and reference inputs
E! are launched by interdigital transducers. (b)

% Ground planes are A% films on both sides of the
= output plane. (c) Reference channel for measuring
E_ insertion loss.
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4

A

r

&“ performed by an output electrode or plate which is
o fabricated by evaporating a thin aluminum film onto the

lithium niobate (LiNb03) crystal. The two interdigital

[CRs Rl
AN

input transducers are depositedd at the same time, Several
output plate configurations are possible; two of them are
shown in Figure 3.1, In Figure 3.1a the ground plane is
formed by the metal slab underneath the LiNbO3 crystal. In
Figure 3.1b the ground planes are formed by the metal plates
on both sides of the output plate. Continuous plates such
as these can only be used with a degenerate convolver,
wherein both inputs have the same frequency, w = 2nf, and

->
equal but oppositely directed propagation constants, k = 2n/A.

Since
wy ¥ wy = wg (3.1)
> - >
k1 + k2 = k3 (3.2)

for the degenerate case, the output sum frequency is 2w and

K = o. The non-degenerate case occurs when the input

frequencies are not the same., Then, an interdigital output

transducer must be used and designed according to Equation

T 3.2.

:?f Section 3.2 explores the various acoustic losses,
ELL These include input matching, propagation on a bare crystal,
»!: diffraction, beam steering, and attenuation due to the

waveguide. Laser-probe studies of 5, 15, 37, and u5)
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waveguides show the beating of modes characteristic of
overmoded waveguides. Section 3.3 investigates the
electrical losses associated with coupling to the convolved
signal, These include the configuration of the output plate
geometry, output electrode resistivity, transmission line
effects, and output matching. Section 3.4 gives the dynamic
range, harmonic suppression, spurious levels, and bandwidth

of a nearly optimized 800 MHz device.

3.2 Acoustic Losses

The first step is to measure the insertion loss of a
clear path, i.e. with no output plate between the
transducers, as shown in Figure 3.1c. This parameter is
listed in column three of Table 3.1 for several devices., In
all cases matching was limited to a single series inductor.
A very flat 40 percent bandwidth is possible using the
Reeder type matching network.3.3 This network is also
practical at UHF frequencies when a microstrip transmission
line is used instead of its lumped element equivalent.3.4
The emphasis of this effort however, was on the other
convolver parameters which are a more necessary first step.
The first of these, insertion loss (IL) of the two
transducers, is determined by taking the measured delayline
loss with no plate between and subtracting propagation loss,
and diffraction and beam steering loss.3.5

A. Crystal Propagation Loss

An empirical expression for propagation loss is

———A_ A ... Al A A A A& A& . a._a & A e aa PR N -
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given by
Propagation Loss (dB/usec) = (VAC) F2 + (AIR) F, (3.3

where F is the frequency in GHz and VAC and AIR are defined
constants depending on the crystal.3.5 For 38,X and Y,Z
lithium niobate,VAC is 0.75 and 0.88, and AIR is 0.30 and
0.19 respectively.3.5 The computed values are listed in
column four of Table 3.1.
B. Diffraction and Beam Steering

Diffraction losses may be read from a universal
diffraction-loss curve.3:5 The only information needed is
propagation path length, transducer aperture normalized to
an acoustic wavelength,and y, the slope of the power flow
angle. In anisotropic crystals such as lithium niobate the
phase velocity and group velocity will not have the same
direction. The power will flow at the angle of the group
velocity. These crystals are characterized by computing
phase velocity versus propagation direction. A plot of
magnitude versus angle for the phase velocity is called the
velocity surface. For the 38,X orientation, Yy = -,244, For
the Y,Z orientation, v is only approximately known since the
velocity surface is not parabolic there. For this work, a
value of vy = ~,75 was used because experimentally it appears
to be the best approximation. The aperture for all devices
was 130 v m, except T-CSF which was 110 m. T-CSF was a
device manufactured by Thomson-CSF, a French company. Beam

steering is usually assumed negligible, However, for the
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devices in Table 3.1 it was not. The beam steering was
measured with the aid of a laser pr°obe3-6 and is included as
part of the acoustic waveguide profiles given later in this
section (Figures 3.9 - 3.12). The beam steering angle is
defined as ¢ = Y(e-eo) where v 1is the slope of the power
flow angle, (e-eo ) is the difference between the phase
velocity and pure mode axis directions. If the pure mode
axis corresponds to one of the principal axis of the
crystal, then eo will equal zero. The beam steering shown
in Figures 3.9-3.12 is ¢. (For a geometric interpretation
see Figure A.9 of Appendix A). The loss due to this effect
can be computed separately. For the special case of the
acoustic beam intercepting one half the output transducer,
the loss is 6 dB.3.7

However, it 1is 1incorrect to simply add the
contributions of diffraction and beam steering. Examples
of this are given in References 3.5 and 3.8. Instead, the
combined contributions must be computed numerically since
the complex integral cannot be solved in closed form. This
was done, and the results are given in column six of Table
3.1. The error due to considering only diffraction ranged
from nearly zero to 4,4 dB. The average error was 2.2 dB
per device. The insertion loss (IL) for two transducers was
then determined by subtracting propagation loss and
diffraction plus beam steering loss from the delay line
insertion loss.

The delay line insertion loss was measured with a
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spectrum analyzer using the set up shown in Figure 3.2(a)
and photographed in Figure 3.2(b). Input impedances (and
output impedances of the convolver plate), S11, WwWere
measured with the network analyzer shown in Figures 3.3(a)
and (b),
C. Waveguide Attenuation

Attenuation due to the presence of the aluminum
(Al) film was measured using the laser probe. An earlier
attempt at measuring the film attenuation by comparing the
insertion losses of a clear path with that of a path
containing an aluminum film was not very successful.3.9
That method is complicated by diffraction and beam steering
since the waveguiding aluminum film prevents both., The
method is further complicated by the fact that the film
covered only a fraction (0.39 or 0.86) of the total path.
The results using a laser probe are given in columns nine
and ten of Table 3.1. The films were all 40 K of Cr plus
460 R of A1 except for device 17 which had 40 K Cr and 260
K Al. The results agree well with those of Davis3.10 ywho
did a much more extensive set of measurements. The 38,X
device at 916 MHz has the same value of kh as a Y,Z device
at 800 MHz (k = 27/ and h is the Al film thickness).
For the devices listed in Table 3.1 the acoustic beam was
confined by the narrow waveguiding film, and multiple modes
were present, In view of these conditions Davis!

measurements would be considered more accurate.
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D. Multimoding

The degenerate elastic SAW convolver consists of
a AV/V waveguide formed by a thin film of aluminum,
evaporated onto a piezoelectric substrate and has a SAW
transducer on each end. When multimoding is present, the
fundamental and first symmetric modes have group velocity
differences of about 0.5 percent in a 5A wave-
guide.3.11,3.12  ypen the waveguide is used as a convolver,
unwanted modes will cause distortions which may degrade the
maximum power output or efficiency and minimum achievable
time sidelobes for a coded signal. For a five wavelength
(52) wide waveguide, the multimoding can cause a variation
in the detected SAW profile intensity, as shown in Figure
3.4, of more than 3 dB along the length of the waveguide
with only one input active. This is the first published
data on multimoding in an elastic SAW convolver; however,
multimoding effects in the separated medium or air-gap
convolver have been reported.,3.13 In theory these
waveguides are similar, but in practice they are quite
different. It will be shown that the principle variation in
the detected SAW profile intensity is due to the beating of
the fundamental mode with the next higher symmetric mode.
The first antisymmetric mode is also present with
significant intensity and is due to beam steering
(misalignment) or asymmetric excitation.3‘w’3‘15
A laser probe3.6 was used to look at the acoustic

wave propagating in one of the waveguides fed by a beamwidth
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Figure 3.4 Maximum detected acoustic intensity (for each
profile using a laser probe having a spot size
of about 1.81) as the laser probe moves down the
14.0 mm length of a 5\ waveguide. The letters
A thru T are the positions of profiles given in
Figure 3.7.
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compression multistrip coupler (BWC-MSC)-Figures 3.5 and
3.6. The BWC-MSC is an array of metal stripes that act much
as a transducer would. The acoustic wave is incident on one
side of the coupler, is converted into an electromagnetic
wave, and is then launched again as an acoustic wave from
the opposite side and opposite end of the coupler. In the
BWC case the launching end is much shorter than the
receiving end, hence the beam width is compressed. The
aluminum waveguide measured 145 um wide by 14 mm long (5X
by 480%) and had 2500 K of aluminum and no chromium.3‘16
The YZ cut of lithium niobate was operated at 120 MHz (1A =
29.07 um). However, the profiles will be the same for any 53
waveguide with a length of U480A, First, the laser was
scanned down the length of the plate. Large variations in
detected peak acoustic power (on the order of 3 dB) were
found and are shown in Figure 3.4, The laser spot was
round, gaussian and about 50 vm in diameter, Features of
less than 50 pm could be distinguished, but obviously there
was some averaging of the peaks and valleys in the profiles,
In addition, the desired spot size/acoustic wavelength ratio
of more than ten to one was not met since the spot size was

about 50 yu m and the diffraction grating (acoustic

wavelength) was 29 um.

The equations concerning the laser probe are those of
P. Beckmann and A. Spizzichino (see Appendix A.1 and A.4).
Since their assumption that the laser spot size is much

larger (>10) than the grating is not satisfied, an
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Figure 3.5 Schematic representation of the 52\ waveguide.
The beam width compressors (BWC) are 15:1 and
launch two SAW waves rather than the more typical
one wave design. The convolver plate is inter-
connected with a larger busbar to alleviate the
resistivity problem. The outer most plates are
electrical ground planes. Ref 3.16
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Figure 3.6 Photograph of the convolver shown schematically

in Figure 3.5.

The interaction length is 4 psec

(14 mm). Ref 3.16
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examination is in order. The reflected power is inversely
proportional to the number of diffractions. Thus in this
intermediate case (spot size“~2 ) ) the diffraction is
present but weak. Also the grating sidelobes broaden as
spot size decreases, The good reflectivity of aluminum
helped offset this, and the response from bare lithium
niobate was indeed weak, Also there is a significant
correction term in this regime due to edge effects. Another
experiment was conducted reducing the RF 1input power and
hence the acoustic amplitude by 10 dB. The detected light
output fell by 10 + 0.02 dB indicating the measured
intensity profiles are correct. This experiment used the
sidelobe m=1. Other probe techniques used when spot size is
less than the acoustic wave use the specular reflection m=o.
(see Appendix A.2) Thus there was no contribution from that
source in this case.

The intensities in Figure 3.4 are the peak value of
the profile at the indicated distance from the input
transducer. Error bars are the result of three sets of
data. The letters A thru T denote the location at which the
profiles shown in Figures 3.7 were taken. Each profile of
Figure 3.7 is a plot of acoustical intensity versus distance
perpendicular to the axis of propagation. Location A
corresponds to the acoustic wave launched by the BWC-MSC and
is the profile just prior to entering the waveguide. The
acoustic intensity profiles in B through T of Figure 3.7

are scaled to each other with one half intensity
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corresponding to 3 dB. The intensity of profile A is not
scaled to the others since the aluminum film increases the
sensitivity of the laser probe by a factor of about four,
and the meter was set to a different scale. Surface wave
reflections were suppressed with an acoustic absorber behind
the waveguides and the input transducer.

The bottom of the crystal was scored with a diamond
pattern to diffuse potential plate modes (volume waves)
which are a possible source of ambiguity. Using a convolver
identical to the one that was laser probed, two coded
signals were convolved and observed with an oscilloscope.
The plate modes were well suppressed.3.16

Since convolver efficiency (F factor) is inversely
proportional to width3.12 ) there is a desire to make the
aluminum plate as narrow as possible. Five wavelengths (54)
were chosen as a compromise value. The lower limit is set
due to aluminum film resistivity and dispersion, and by
practical limits on beamwidth compression. A beamwidth
compr;ssion multistrip coupler (BWC-MSC) is limited to a
compressed beam of about 521.3-17 The convolver will operate
on a coded waveform, typically bi-phase modvlated "chips".
These chips will be distorted due to dispersion. Thicker
aluminum and more narrow waveguides make dispersion
worse,3.11,3.18,3.19 4 5, waveguide has four modes (n =
0,1,2,3) below cutoff.3-12 The first three modes are shown
schematically in Figure 3.8(a). Modes 0 and 2 are even or

symmetric while modes 1 and 3 are odd or antisymmetric. The
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IRV

1

0

Figure 3.8 (a) Schematic representation of first three wave-

guide modes: first symmetric (fundamental),
first antisymmetric and second symmetric. (b)
{fop) - in-phase addition of modes 0 and 2, Bottom)
in-phase addition of modes 0 and 1, (c) (Top)
out-of-phase addition of modes 0 and 2, (Bottom)
out-of-phase addition of modes 0 and 1.
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dashed lines in Figure 3.8(b) and (c¢) show schematically the

J'V'!r,','u'n .
Dot e

worst-case in-phase and out-of-phase addition of modes O and

1 and modes 0 and 2. Note that modes 1 and 2 have one

third the amplitude of the fundamental mode 0O in this
schematic representation.

Y-cut, Z propagating lithium niobate was chosen

g because this orientation has the largest non-

t! linearities.3.9,3.20,3.217 The Z axis of propagation is a

pure mode with crystalline anisotropy symmetric about it.

Thus if the transducer or beamwidth compressor launches a

ti symmetric wave with no beam steering, no odd modes will be

exicited inthe ideal waveguide, even though they are below

- cut-off, because of orthogonality. If in addition, the

tl acoustic wave is weighted to have a profile corresponding

exactly to the fundamental mode, only the fundamental mode

v

r,? Dt R LA )
. P

Wwill be excited - regardless of how many modes are below

cut-off in the ideal waveguide. Another possibility is a

———
e '
St e

symmetric excitation with beam steering. In this case only

symmetrical modes are excited, but there soon 1is a

™
Tt

conversion to mode 1.3.14,3.5 0f course in real life, a

perfectly symmetric wave cannot be created and some beam

b & S s a it e
RS
-l

steering, although unintentional, is always there. The
-~ degree to which these small errors affect waveguide modes
;f can best be determined experimentally.
é? The peaks of Figure 3.4 (C,E,H,J,L,0,R) correspond to
; mode 2 adding out-of-phase with mode O (top of Figure 3.8¢).

The nulls (D,G,I,K,N,P,S) correspond to mode 2 adding to
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mode 0 (top of Figure 3.8b). The nulls of I,K,P, and S do
not have the characteristic dip shown in Figure 3.8b and
nulls D,G and N, I,K,P and S do have mode 2 adding; the
difference is that in these cases it has less intensity than
for D,G, and N. This can be proven by overlaying one of
these profiles with an adjacent peak (e.g. H and I). The
fact that the bottom half of the null profile is wider than
the bottom half of the peak profile can only happen if mode
2 adds in-phase with mode 0 in one case and adds out-of-
phase with mode 0 in the other case. The periodicity of the
peaks is a direct measure of the difference in velocities of
the two modes - average periodicity is 1.81 mm. Using the
theoretical dispersion curves of phase velocity in reference
3.12 the predicted periodicity due to the beating of modes O
and 2 is 1.85 mm, in excellent agreement with experiment,
The predicted periodicity of modes 0 and 1 is 4.18 mm. It
was measured to be 4,08 mm (using M and Q of Figure 3.7) -
also in excellent agreement. The theoretical curves did not
include mass loading; we must conclude that it shifts the
two curves equally.

The skewing to the right or left (profiles B, F, M,
and Q) is due to the presence of mode 1 shown in the bottom
of Figure 3.8(b) and 3.8(c) or possibly due to mode 3. The
beating of the various modes is a continuous process as they
propagate down the waveguide together. There are no
spontaneous changes in amplitude, Due to differences in

their velocities, they gradually build up or decay as they
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add in-phase or out-of-phase with each other. There are
probably more antisymmetric profiles present than shown in
Figure 3.7. Modes 0,1,2 and 3 being present simultaneously
with varying intensities and phases make it difficult to
pick out all the antisymmetric modes.

The intended Z axis of propagation is an axis of
symmetry in lithium niobate. Any odd modes then must be due
to asymmetric excitation or due to beam steering caused by
misalignment. The excitation in this case, A of Figure 3.7,
was only approximately symmetric and is a possible source of
the odd modes. The other possible source of odd modes is a
mode conversion caused by the acoustic beam hitting the
waveguide wall due to unintentional misalignment of

transducers or waveguide on the Z axis.3.14 odd

Further,
modes may be generated simply by containing the diffraction
of the acoustic beam if the waveguide walls have a
relatively rough edge.3-15 If the mode is below cut off,

if the mode is above
.14

there will be a mode conversion, or,

cut off, the result will be an internal reflection.

Waveguides of 5, 15, 37 and 45 wavelengths width have

been laser probed and are shown in Figures 3.7, 3.9, 3.10,

3.11 and 3.12 respectively, All exhibited a strong mode 1,
In Figure 3.10 a beam steering ancle of only 0.07 degrees
(4.6) offset) was enough to cause a very large mode 1. Mode
2 was detected in all but the 452 waveguide, Figure 3.12.
If the 451 waveguide had been longer,mode 2 would probably

have been found there also. Referring again to Reference
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Yz LiNDO ACOUSTIC WAVEGUIDE EFFECTS

fo =330 MHz
AL WAVEGUIDE 500A
160um x 8 6mm

/o A
[ - 12 4\ /)
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Acoustic wave profiles at 330 MHz for a clear
path showing 5.7A of beam steering and for a
waveguide of 15X by 817\ with a 500 A A% film.
Modes 0, 1 and 2 are present.




Figure 3.10

YZ LIND 03ACOUSTIC WAVEGUIDE EFFECTS

fo= 800 MHz
Al WAVEGUIDE 300 A
160um x 17 3mm

/e 300Ny
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Acoustic wave profiles at 800 MHz for a clear
path showing 4.6\ of beam steering and for a
waveguide of 37\ b_ 3961\ with a 300 & A2 film.
Modes 0, 1 and 2 are present.
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YZ LiNb OSACOUSTDC WAVEGUIDE EFFECTS
o= 800 MHz .
Al WAVEGUIDE 500 A
160um x 8 6mm
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1
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Figure 3.11 Acoustic wave profiles at 800 MHz for a clear
path showing 12.A of beam steering and for a
waveguide of 37X by 1980\ with a 500 & A% film.
Modes 0 and 1 are present.
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Yz L.iNt:vO3 ACOUSTIC WAVEGUIDE EFFECTS

1,=990 MHz
A WAVEGUIDE SOOA

160um x 8 6mm

/
e 170\ /H

[/ /]

- 372N
lm- - 454) - —'/

Figure 3.12 Acoustic wave profiles at 990 MHz for a clear
path showing 17X of beam steering and for a
waveguide of 45X by 2451X with a 500 & A% film.
Modes 0 and 1 are present. This is third over-
tone operation of device in Figure 3.9.
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3.12, we see that the phase velocity, Vp, differences get
smaller as the waveguide width gets larger. This means that

the beating of modes will occur more slowly in the larger

waveguides.
Vgo Vgo 1 = beat length for modes
. . E— 0 and 1,
1 fo (Vpo-Vp1)

(3.4)

where Vgo is the group velocity of the fundamental mode.

The beat lengths for modes 0 and 1 and modes 0 and 2 are:

5x » 4.8 mm and 1.85 mm; 12x » 8.8 mm and 2.7 mm
respectively, and 37 - 7.2 mm for modes 0 and 1
(estimated).

In Figures 3.9 - 3.11 there are no whole periods for
the beating of modes 0 and 1 or modes 0 and 2. However,
there are half periods for modes 0 and 1 which are in
reasonable agreement with the theory. In addition to longer
beat lengths for modes 1 and 2, mode 2 has less intensity in
the larger waveguide widths. A possible explanation is that
at wider waveguide widths many modes can exist. Apparently
the energy going into higher order modes is distributed
among the many modes rather than going preferentially into
mode 2. Thus, no one mode has a strong enough intensity to
be significant. However, asymmetries still cause a
significant conversion to mode 1.

The presence of asymmetric modes is most pronounced

in Figure 3.12. The position occupied by the third profile
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was scanned again with the acoustic wave propagating from
the other direction. The result is shown in Figure 3.13.
The two counter propagating waves nearly miss each other!
The resulting interaction cannot be efficient. This is a
good argument for avoiding very wide waveguides.

The following are some possible solutions to
multimoding: one, use a 151 waveguide since experimentally
it appears to be the width that 1is least sensitive to the
excitation of unwanted modes as in Figure 3.9. The main
objection to this approach is the loss in efficiency due to
a wide waveguide. It should, however, be mentioned that the
efficiency is directly related to the absolute width and not
effective width in wavelengths.3.12 This means that an
efficient convolver can be designed by using a narrow
waveguide and a high fr.quency of operation. For
frequencies above 300 MHz, a beamwidth compressing
multistrip coupler (BWC-MSC) is not needed provided moderate
(12 percent) bandwidths are acceptable. And up to 350 MHz
the attenuation is not significant.3.10

Two, use a 5\ waveguide with properly weighted input.
As mentioned in the theory, if the exciting wave profile has
the same shape as the fundamental mode (mode 0), only the
fundamental will be excited. Apodizing the transducer will
not work because for large bandwidth, the transducer does
not have enough fingers. A BWC-MSC can be apodized but has
a severe diffraction problem as can be seen in Figure 3.7

where ideally A should have a square profile. A promising

c v-*’
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approach is to use a resistive film to preferentially
attenuate the edges.3:22 The shape of this resistive film
for the fundamental mode is a cosine and can be obtained
experimentally by taking the average of a peak and adjacent
null in Figure 3.7.

Three, use a 2.51x waveguide. Here only modes 0 and 1
can exist, and it is predicted that mode 1 even if present
would not be a significant problem, This width does,
however, present two problems: high plate resistivity and
dispersion of the fundamental mode. The resistivity can be
addressed with multiple bonds3:23 or aluminum interconnects
to a large bus bar running the length of the plate.3-16 The
dispersion may or may not be prohibitive depending on the
application, A possible solution to the dispersion is to
use dispersive transducers - also called chirp transducers.
Typically, they have a linear dispersion, but an arbitrary
dispersion is achievable and could be designed with a
computer. Another possible solution for dispersion is to
use an external predistortion filt,er'.3’2’4

Presently only the laser probe can give the profiles
shown in Figures 3.7 and 3.9 - 3.12. However, information
similar to Figure 3.4 can in principle be obtained from a
plate uniformity response. A cw signal would be convolved
with a pulse which must be much shorter (0.1) than the
smallest beat length and observed on an oscilloscope. The
convolved signal gives the average of the cross sections

rather than the peak of the cross sections as in Figure 3.4.
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Also two acoustic signals have been dispersed rather than
one, and the output is an amplitude rather than an intensity
(amplitude squared) which is obtained from a laser probe,.
In the case of Figure 3.4 the required pulse length, p,
would be p < (1.81 mm) (0.1) (0.287 ysec/mm) = 0,026 , sec.
In many cases this short pulse will give a weak response
buried in the noise - depending on F factor and dynamic
range. Hence a longer pulse is used resulting in averaging
of the features. Other complications may include long line
effects and number and placement of bonds to the waveguide.
Therefore, this method is seldom successful,

Also, multimoding will be evident as ripples in the
frequercy response of the device operated as a delay line if
there are two dominant modes of similar intensity and
appropriate beat length.3.13 Wwhile the ripples were not
observed in these examples, they have been seen in other
cases.3.13 Yet another methhod of analysis is the
observation of the impulse response of the delay line, If
there is only one other dominant mode, it will shown up as a
delayed pulse provided the delay line is long enough., 1Its
amplitude can readily be measured by comparing to the
fundamental. In this case the fundamental will have a
rounded peak and additional small sidelobes compared to the
response of an undistored delay line,

The preceding paragraphs describe detection of
multimodes in devices operated as a delay line, The real

question however is, "How do they affect the convolved

AP A L RGPS T PR WPy W W S g ¥ o~ e, LN Y AL ) & o ) vl ncenth cndh

el




F

:
:

IO B oathatan

- Pt BV
— B

v

L SR Sl M g i M A de i it i - EELAr AL A S A A g i A A AR A A A A AR A AR A A

89

output?" Before answering this question some observations
are in order. First, different modes will not convolve
because they are all orthogonal. However, two odds or two
evens will convolve, i.e., Mo ¥ Mo, M1 *¥ M1, and M2 *¥ M2 are
valid while Mo * M1, M1 * M2, and Mo ¥ M2 are not valid.
Second, the process is bilinear. If Mo *¥ Mo is taken as a
reference and M1 and M2 are 20 dB less than Mo, then M1 ¥ M1
= =40 dB and M2 ¥ M2 = -40dB. Third, each mode will have
its own dispersion curve. This means the fundamental will
be dispersed whether other modes are present or not.
Fourth, the convolved modes M1 ¥ M1 or M2 * M2 may not show
up in the convolved output. Since they have different
velocity, they will appear later in time. If the device is
short, they may be hidden under the base of the main lobe,
Mo * Mo. If the device is long and a code is convolved,
they may appear as part of the sidelobe structure and not be
discernable. All the devices reported in this paper were
2.5 usec long and tested with cw (uncoded) waveforms.
Multimoding effects were not directly observed in the
convolved output.

The next investigation regards "What happens to the
acoustic energy outside the waveguide?" Theory predicts
that the fundamental mode will decay exponentially moving
away from the waveguide. This can be visualized with the
aid of Figure 3.8a. The device of Figure 3.5 and 3.6 was
again laser probed. In this case, however, there are

several complications. One is the presence of multimodes.

R e
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Another is the differences in reflectivity between a bare
crystal and aluminum, A second question was "How much
acoustic power is in the other aluminum films and do we need
to worry about it?" The results of the laser probing are
given in Figure 3.14, There are three sets of curves. The
location of the aluminum films are shown in the hatched
areas at the botton. The curves have been corrected for
differences in reflectivity of Al and bare LiNbO, (see
Appendix A.5). The first set of curves shown as solid lines
result from two identical scans. The deviations between
them are a continuous set of error bars. The solid curves
are an extension of profile "E"™ in Figure 3.7. The dashed
lines are an identical set of two scans except input power
was reduced 10 dB., At the peak in the waveguide there was
precisely 10 dB 1less 1intensity as expected. The
relationship generally held true elsewhere. The "X" curve
was a single scan at a different position - the adjacent
null D in Figure 3.7. Two conclusions are drawn. First,
multimoding effects are present outside the waveguide.
Second, the acoustic wave intensities are small enough

outside the waveguide to assume their effect is negligible.

3.3 Electrical Losses
A. Theoretical Bilinear Conversion Factor
It is convenient to define a parameter which gives

a measure of the efficiency of the device, This bilinear

conversion factor Fexternals® ' 1S
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P
Fext (dBm) = pop— - (3.5)

All powers are electromagnetic and are expressed in decibels

referred to 1 mw. Py and Pp are the input powers.
Finternal is more useful for comparison purposes since the
input transducer insertion losses (ILy and IL,) are removed
(however, propagation, diffraction, beam steering and plate

attenuation losses are not removed).

or stated another way,

P

t
Fint (dBm) = §9§§--' (3.7)

la” 2a
where Pla and P2a are now acoustic input power levels.

Defranould and Maerfeld3.12 nhave related Fint to device
parameters. With some manipulation, the maximum available

power can be expressed as

F = u? = ML , (3.8)
int,max 2 4Wra

where M is a figure.of merit for the non-linear material, W
is the beam width of the two incident acoustic waves, L is
the length of the integrating electrode, R, is the real part
of the internal impedence of the interaction region, and rga

= WL R, with r, equal to the bulk wave piezoelectric

coupling coefficient. Rp can be found from the output
impedance plot by removing the contributions of plate

resistence, transmission line effects, and impedance
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transformers (if any are used). From this one can see that
the output power is proportional to length and inversely
proportional to width-~in meters. M is independent of
frequency but depends on the material, crystal cut, and
direction of propagation.3-20 For Y cut, Z propagating
lithium niobate, M has been measured as 7.9%107° vm/w.> 12
M has been related to the third order elastic,
piezoelectric, dielectric, and electrostrictive constants.
For Y, Z orientation the non-linearity is dominated by third
order piezoelectric constants. However, for other
propagation directions this domination is no longer
true.3'20
For device 20 at 330 MHz (Table 3.2), W equals 160y m
and Ry is about 10 ohms. This predicts Fint,max ©f -52 dBm
compared to a measured F;i.¢+ of -59.5 dBm. For T-CSF3.25, W
equals 110 um, and Ry 1s about 6 ohms. This predicts
Fint,max of =47 dBm compared to a measured Fipnt of -58.5
dBm. The above theory assumes a lossless case. After
including the accountable losses of propagation loss, plate
attenuation, and output transmission loss, Fint Decomes
-55.0 dBm for device 20 and -54.5 dBm for T-CSF. This
indicates that the devices are not optimized in their
coupling to the available energy.
B. Experimental Bilinear Conversion Factor
The biline r conversion factors for several

devices are l..td n Table 3.2. The written comments at

the right of Table 3.2 refer to the bonding configuration at
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the output of each convolver. Referring to Figure 3.1, it
is helpful to know that the output plate in path (a) has
three bonding pads - one at each end and one in the center.
Path (b) has bonding pads only at each end. No comment
implies the use of a center tap. Resistor terminations mean
a center tap output plus each end terminated with a
resistor. End taps means that the output is bonded to both
ends, and the center tap is not connected.

In all the cases listed in Table 3.2, the plate was
8.6 mm by 160 um giving a propagation time of 2.5 ysec on Y,
Z LiNbO3 and 2.2 usec on 38, X LiNb0O3. The input pulse
lengths were always as long as the plate length. For ground
planes located beside the output plate, the spacing was 54
um, For example, Device No. 15 is shown in Figure 3.15.
All the devices have a SOOK film except No. 17 which has a
3OOK film. The crystals were 450 um thick, and the
transducer apertures were all 130 um. The only exception to
the above description is the device at 167 MHz.3:25 It had
an output plate of 41 mm by 110 um with a ground plane on
each side. It used a 15:1 beamwidth compressor, but the
compressed acoustic power densities were very similar to the
other devices,

A generalized schematic of the F factor (Fext) test
setup is given in Figure 3,16, The two steps in obtaining
an F factor are (a) measure P ,¢/Pq, and (b) measure Po.
First a reference level is established on the scope. Then

test point A (T.P.A) is connected to T.P.B. Ry is

PRI UL Y Sy o~ PO SUPUL U SUNUL S WS SNy S G S . CNPRE TP VIRPEPUNE SORUP S S WHSUP S SO SR
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Figure 3.15 Picture of a convolver corresponding to sche-
matic in Figure lb. There are two channels

with 8.6 mm plates and one channel with 17.3 mm
iR plate. This is device 15 of Tables 3.1 and 3.2.
'
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A =55dB

Block diagram of "F" factor (efficiency) test

setup.

T.P. A and B are connected for part (b)

of the measurement procedure - see text.
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incremented until the same level is established on the scope
as before, and 3.5 dB is subtracted from the value of Ry ¢o
account for the hybrid. Also there is a calibration curve
to account for the frequency dependence of R1, the 55 dB
amplifier, and the crystal detector because the output is at
2w, but when T.P.A is connected to T.P.B the output is at «,
Thus Rq Minus 3.5 dB minus the calibration factor becomes
Pout/P1. Correction factors ranged from 3 to 8 dB depending
on frequency. Next, the pulsed source is switched to cw,
and the power is measured at T.P.A. Again 3,5 dB is
subtracted to account for the hybrid. This gives Pp Which
must be expressed in dBm.

Starting in Table 3.2 with device 21 (samples 3 and
4), 15 and 17 (samples 1 and 2), and using Fipt @S @
criteria, one can conclude there is little difference in F
factor (within experimental error) between having the ground
planes beside and having the ground planes below., Comparing
device 21 (samples 2 and 4), and 18 and 17 (samples 2 and
3), we see that a center tap is worse than end taps by 2 to
4,5 dB; but most of this is due to differences in output
impedances. Comparing 13 and 15 (sample 2) both of which
have the same film thickness and 22.35 mm total path length,
one can conclude that 38,X orientation is about 7.5 dB less
efficient than Y,Z orientation. And after allowing for
differences in output matching, it is about 4 dB less
efficient, Comparing devices 17 (sample 2) and 15 (sample

o
2), one can conclude the thinner 300A film yields about 2.5




R Mc ‘1‘1—"*7'.....
,!'-‘.“_.‘.‘._._ AR

-rrrl‘r"v‘v' N
et e

» v-'f-.’,_rv.

99

dB less loss.

The use of plate termination improved the F factor
substantially at 800 and 990 MHz. Comparing device 20,
samples 1 and 2, there is a 5 dB improvement. Comparing
device 21, samples 1 and 2, there is an 8.5 dB improvement.
These are partly explained by the better output match. The
rest of the explanation involves several complex
interactions which are discussed more fully in section 3.3D.

The device labeled T-CSF was manufactured by Thomson
CSF and was on loan from MIT Lincoln Laboratory for testing.
It is used here as a baseline. Device 20 at 330 MHz is
important because the F factor is within 1 dB of the
baseline device and no beamwidth compressor was needed.
Further, the absolute bandwidths are nearly identical.
Comparing device 20 at 330 MHz with device 21 (sample 1) at
800 MHz, one can see a 7.5 dB difference in F .4+ after
including output losses. This is mostly accounted for by
additional propagation loss and Al film attenuation at 800
MHz., However, when comparing device 20 at 990 MHz with
device 21 at 800 MHz, after accounting for differences in
propagation and Al film losses there is an additional loss
of 8 dB that cannot be accounted for. It is likely this
additional loss is due to the uneven energy distribution
shown in Figures 3.12 and 3.13.

C. Output Plate Resistivity

As mentioned before, a narrow waveguide (Al film)

will give best efficiency. Unfortunately, ohmic losses can
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r be very significant. The devices in Table 3.2 are
relatively short, 8.635 mm by 160 um (or 54 squares). The
output plate had a d.c. ohmic resistance of 1.08 ohm/square
or 58 ohms for a total thickness of SOOK (HOK chromium and
4608 aluminum). For a thickness of 3OOK (40f chromium and
260K aluminum) the resistance was 1.92 ohm/square and a
total of 104 ohms. However, the plate was always connected
electrically in parallel, so one half of these values should
be used. The evaporation conditions were a room temperature
substrate and 16g/sec deposition rate.

Acoustic dispersion and attenuation are functionally

directly dependent on kh. (k = 27/%x and h is Al film

thickness). This means that at higher frequencies thinner
films must be used. This requirement coupled with the
desire for longer devices creates a need to optimize
resistivity. Knowing that thin films are very sensitive to
evaporation rate, experiments were conducted for which
results are given in Figure 3.17. In all cases a

© [-]
predeposition of 40A Cr was deposited at 10A/sec and better

than 10-7 Torr onto glass slides. The Al was then

deposited at various rates and thicknesses with a vacuum in

'.YY'.T..-’nlik:-'
Y B

the range of 1 to 10 x 10-7 Torr. Measurements were made
with a four point probe, The conclusion is that for films
E of less than 1OOQK,and sheet resistances below 0.5 ohm per
i.. square the deposition rate should be at least 16Z/sec.
?ff The predeposition of Cr is needed for adhesion of the
Eﬁ. Al to LiNbO3, Some workers prefer to omit the Cr. In this
0
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. Figure 3.17 Resistivity (in ohms/square) of various

- Aluminum films showing the effects of thickness
- and evaporation rate. Each thickness includes
40 & of chromium.
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case adequate adhesion is obtained by evaporating the Al
onto a heated substate, Temmyo3~26 has experimentally
generated a family of curves for resistivity versus film
thickness for various substrate temperatures. The
conclusion of his work is that for a substrate temperature

of 130°C, the resistivity of Al films increases rapidly for

thickness less than MOOK. His conditions were no Cr, 7 x
10-6 Torr, and 3-5%8/sec deposition rate onto a glass
substrate,
D. Transmission Line Effects and Output Matching
For all the devices considered here, the output
plate acts like a transmission line with reflections and
standing waves. The problem is most severe for a center

tapped plate that is one-half wavelength, Reflections

received at the center-tapped output are 180 degrees out-of-
phase with the signal. The standing wave ratio will be
FI' reduced somewhat by the resistivity of the plate attenuating
- the reflected signal. In some cases the resistivity will

nearly eliminate the standing wave. Referring to Table 3.1,

- we see that none of the devices were a half wavelength long.
3{- The EM velocity is reduced by /s, or /&4 for Y,Z LilNb03:
;é Nonetheless, the effect of partial cancellation due to the
;!: reflected wave was significant. The top of Figure 3,18 is
232 typical. It shows the plate uniformity response obtained by
Eii the convolution of CW in one port and a short pulse in the
;2: other port. It is from device 21 with output frequency (2u)
of 1600 MHz. The ripple is about 2 dB. The test setup is
E!

vV
H .
:
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Figure 3.18 Plate uniformity response of device 21 at 1600
MHz output frequency. (Top) without plate ter-
minations showing 2 dB of ripp.e. (Bottom) with
plate terminations of 27 = 28 ohms showing 1 dB
of ripple. Vert. 100 mV/div., Horiz. 0.5
psec/div.
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given in Figure 3.19. A short pulse is convolved with CW,
i.e. it is an impulse response., The output is at 2w The
output impedance is shown on a Smith chart at the top of
Figure 3.20 as the frequency is swept from 1000 to 2200 MHz.
There is an additional marker dot for 1600 MHz which occurs
at 75 degrees. The result of this nonuniformity will be to
degrade the minimum achievable time sidelobes when using
coded signals.

The remedy is to terminate the transmission line in
its characteristic impedance, It is a microstrip with
relative dielectric of 44 (for Y,Z LiNbO3) angd
characteristic impedance Zo = 28¢ . The termination may be
either a resistor or an inductance of value Z, (Goll and
Bennett3+:27 have done an analysis showing the effect of
both. The resistor gives best uniformity but dissipates
power. When using a resistor, there may still be a
nonuniformity (a second order effect) since the phase
associated with the distributed non-linear sources is a
linear function of position. The inductance, on the other
hand, causes a total reflection but adds a -90 degree phase
shift. The result is that for lines of */2 or less, the
reflected signals will be additive. There will be ripples
in the uniformity, but they will have much less amplitude.
(Note that use of a capacitor will cause the reflected
signal to substract and cause a loss of output,) Goll and
Bennett report that inductor terminations gave a 7 dB

increase in output power and added about 1 dB to the ripple
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Block diagram of Plate Uniformity test setup.
A short pulse is convolved with cw to give an
approximate impulse response.
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Output impedance (S33) of device 21. (Top) with-
out plate terminations. Frequency sweeps 1000 -
2200 MHz with marker dot at 1600 MHz (75°).
(Bottom) with plate terminations of Z = 28 ohms.
Frequency sweeps 1000 - 2200 MHz with marker dots
at 1400, 1600 and 1800 MHz.
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in the uniformity compared to a resistor termination. This
degradation is less than theoretically expected and is
probably due to resistivity in the plate. The increased
ocutput power is due to no power dissipation in the reactive
elements and possibly due to a better match of the
distributed non-linear sources to their load impedance.
Devices 20 and 21 were terminated with resistors.
However, at the output frequencies of 1600 and 1980 MHz
respectively, they were more inductive than resistive as
shown in the top of Figure 3.21. Referring to the top of
Figure 3.20, we see another example of this. The output
plate is of course a capacitor. Yet at these frequencies it
is strongly inductive due to the finite length of the bond
wire, At frequencies below 900 MHz it is a well behaved
capacitor with some resistance due to the resistivity of the
film. The bottom of Figure 3.18 shows an improved
uniformity for device 21 with the aid of inductive resistors
for terminations. The bottom of Figure 3.20 shows the
corresponding output impedance as frequency is swept from
1000 to 2200 MHz. Marker dots are at 1400, 1600 and 1800
MHz. Terminations have the added advantage of transforming
the output impedance3.28 making a better match to the
outside 50 ohm system. This is especially important since
neither wire wound nor ferrite loaded transmission line
impedance transformers are commercially available at these
frequencies, Several other matching schemes for the output

were tried with limited success. For example, consider

[P VU TEDY VU ey W Wy Sy e bt PRI . A U Wy TORE WP I U vy e - ek,
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tj Figure 3.21 (Top) Impedance (Sj3j) of a 12 ohm resistor.

W Frequency sweeps 1000 - 2200 MHz with marker
@ dot at 1600 MHz, 2 = 28 ohms at 1600 MHz.

- (Bottom) Impedance (Sj;) of a 1lpf chip capaci-
S tor. Frequency sweeps 1000 - 2200 MHz with

o marker dot at 1984 MHz.
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device 20 at 990 MHz (1980 MHz output) in Figure 3.22 and
device 13 at 916 MHz (1832 MHz output) in Figure 3.23. The
top traces are without matching. The bottom traces result
from termination with carefully chosen inductive-looking
capacitors, e.g. see the bottom of Figure 3.21. The
uniformity responses should have a flat top. They do not
because the reactance is not exactly Z, and because it is
reactive rather than resistive.3-27 The conclusion is that
parasitics from bond wires and various shunt capacitances
are dominant over desired matching elements. Finally, the
uniformity of a nearly optimum device is shown in the top of
Figure 3.24, It is T-CSF operating at 167 MHz and is
described in Table 3.2 and Reference 3.12. The large spike
at the left is feedthrough of the short pulse which was

convolved with CW from the other input port.

3.4 Performance
A. Dynamic Range

Convolution using device 21 was measured at 800
MHz with two rectangular pulses of 2.5 u sec. This 1is
schematically depicted in Figure 3.25. The power level of
the reference (Figure 3.1a) was held at a constant level of
25 dBm. The signal (also 25 dBm) was attenuated with a
precision step attenuator from 1 to 52 dB. The convolved
output at 1600 MHz was bandpass filtered to reject the
fundamental frequency, attenuated (with a precision step

attenuator), amplified, envelope detected with a crystal,
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Figure 3.22 Plate uniformity response of device 20 at 1980
MHz output frequency. (Top) without plate ter-
minations, showing 3 dB of ripple, (Bottom) with
plate terminations. Vert. 20 mv/div., Horiz.
0.5 psec/div.
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Figure 3.23 Plate uniformity response of device 13 at 1832
MHz output frequency. (Top) without plate
terminations, showing 4 dB of ripple, (Bottom)
with plate terminations. Vert 20 mV/div.,
Horiz. 0.5 psec/div.
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(Top) Plate uniformity response of device T-CSF
(Ref. 3.25) showing about 0.5 dB of ripple.
Horiz. 2 psec/div. (Bottom) Convolution of two
cw RF pulses of 12 pysec each. The desired con-
volution is off scale. Next are the undesired
spurious signals: first - autoconvolution,
then - double transit convolution. Horiz. 5
psec/div.
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and displayed on an ocilleoscope. As the input attenuator
was increased, the output attenuator was decreased so the
power through the amplifiers and oscilloscope always
remained constant. When power is varied in only one input
as described above, the output should be 1linearly
proportional to the input. This measure of dynamic range is
shown in the top of Figure 3.26. The plate configuration
was that of Figure 3.1a. The usable dynamic range was about
44 dB. The upper limit of about 1W for pulses is determined
by burnout of the interdigital transducers. The device in
Figure 3.26a was tested to 25 dBm; hence, the dynamic range
is about 5 dB more than shown on the graph,

In order to investigate harmonic generation, we
observed the linearity of the input. For this experiment,
an 800 MHz pulse was sent from one interdigital transducer
to the other interdigital transducer (Figure 3.1c), which
now serves as an output for the 800 MHz pulse. For the case
of no plate, the data of the bottom of Figure 3.26 shows a 4
dB deviation from the linear curve at maximum input power.
This indicates that power is starting to enter higher
harmonics. When an 8.6 mm plate was placed in the path
(Figure 3.1a) the harmonics were suppressed by the
dispersion of the thin-film plate.3'1o’3'29’3'30

These same two measurements are given for 38,X LiNb03
(device 13) in Figure 3.27. The lower Feyxt ©f this device
results in less dynamic range. The conclusions for second

harmonics are the same.
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Figure 3.26 Convolved output power at 1600 MHz versus power
into one input while other input is held con-
stant at 25 dBm. (b) 800 MHz acoustic power
transmitted from one interdigital transducer
to the other. (See Figure 1lc)

AL P L Pt Py P N N W S W'J‘J_i_._._..‘._m_g‘,a.g .




LGP S ot SO o b SN Ly

".’ .’Td "ﬁ.v -‘.

i 116
b
[
ru 50
1 DYNAMIC RANGE OF CONVOLVED 2 GHz OUTPUT
3 38 X LiNbO3
s 8.6 mm PLATE
} a0
F .
- 30
L‘ 2}
b i
na & 10
A
. s . 25 dBm
W
ﬁ’ =
o ? E)) J
2 0
_ l5 SATURATION OF 1 GHz INPUY
- © j———17.3 mm PLATE
:.‘-‘ 8.6 mm PLATE
m —————— NO PLATE d
40 - ®
»'
= " 1dB
[ 30
- 20k
.-
[
L. (1] o ACOUSTIC POWER 893 "™
b . - mm
. 0 A i 1 1
. - 50 —40 - 30 - 20 -10 0
3 INPUT POWER (d8B)
- - {b)
- Fiqure 3.27 Convolved output power at 2000 MHz versus power
g}: into one ianput while the other input is held
& constant at 25 dBm. (b) 1000 MHz acoustic power
r transmitted from one interdigital transducer to
4
L the other.
L_ .
-
@

H,_L'A'A;- - Sl e PR S WD e WA L - ek A e a - n e Pt




117

The bandwidth of device 20 at 330 MHz was measured at
the output to be 47 MHz as shown by Figures 3.28 and 3.29.
This is the same absolute bandwidth at T-CSF, yet no
beamwidth compressor was hneeded. The efficiencies are
nearly identical because the transducer of device 20 had an
aperture of nearly the same width as the compressed beam of
T-CS3SF. When scaling to higher frequencies, the
photolithography for the beamwidth compressing multistrip
coupler becomes difficult, thus explaining the desire to not
use one. However, the use of a smaller aperture does impose
the limit of less attainable fractional bandwidth at these
frequencies. This is less of an issue at higher frequencies
where the same aperture would then have more wavelengths,
An alternative is the use of parabolic horns to obtain the
beamwidth compression.3.31
The bandwidth of device 21 was also measured (f, .
800 MHz)and is recorded in Figure 3.30. The 76 MHz
bandwidth agrees closely with the bandwidth of the device
operated as a delay line.
B. Spurious Levels
Autoconvolution (or self convolution) occurs when
one acoustic wave propagates past the plate, is reflected
off the opposing transducer, and on the return trip
convolves with itself, It is normally measured with one
input terminated in 50 ohms. Double transit convolution
occurs when both waves are reflected from the oposing ends

and convolve with each other on the return trip.
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Figure 3.29 Block diagram of bandwidth test setup.
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Autoconvolution occurs first in time and is usually the
stronger spurious.i The bottom of Figure 3.24 shows the
output of T-CSF when both inputs are uncoded rectangular RF
pulses. The desired main peak is off the screen, with the
autoconvolution next in time, and the double transit
convolution last. Respectively they are -15 dB and -25 dB
with respect to the main peak. With one input terminated in
50 ohms, the autoconvolution is -21 dB. For device 20 at
330 MHz, top of Figure 3.31, autoconvolution is =21 dB and
double transit is -19 dB. For device 21 at 800 MHz, bottom
of Figure 3.31, autoconvolution is =34 dB and double transit
is =55 dB, The main peak has been attenuated 34 dB in this
figure. There was no attempt to reduce these spurious
levels for devices 20 and 21.

There'are, however, several possible schemes to
reduce these spurious signals. The first is simply for the
opposing transducer to have a large insertion loss. .\
better scheme is to have that transducer fed from a very
low impedance3.32 such as that of a common base transistor
and for the transducer to have double electrode fingers,
Autoconvolution can be eliminated by increasing the physical
separation from the end of the plate to the transducer to
equal one half the plate length. Another ¢ "“eme is the use
of unidirectional transducers (UDT) which provide
simultaneously low insertion loss and higher reflection
suppression, eliminating the tradeoff in conventional

bidirectional transducers. The three principle types of UDT
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(Top) Convolution of two cw RF pulses of 2 usec
each by device 20 at 330 MHz input frequency.
The desired convolution is first, then comes the
undesired spurious of autoconvolution and double
transit convolution. Horiz. 1 usec/div. (Bottom)
Convolution of two cw RF pulses of 1.5 usec each
by device 21 at 800 MHz input frequency. The
first (rectangular) pulse is direct RF feed-
through. The next signal is the desired con-
volution but attenuated by 34 dB. Next is auto-
convolution. Double transit is not visible.
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are (1) a multiphase (usually three-phase) interdigital
transducer 3.33 requiring insulated or air-gap crossovers,
(2) a multiphase transducer utilizing a meander line running
through an interdigital pattern,3-3% or (3) a bidirectional
transducer inside a folded, U-shaped 3 dB multistrip
coupler. The transducer may or may not be offset from the
center line of the U-shaped pattern.3-35 The most serious
limitation of the UDT is that the bandwidth of the high
reflection suppression is much less than the bandwidth of
the transducer insertion loss, Yet another scheme for
reducing spurious signals involves the multistrip coupler
echo trap.3:36 This requires the addition of a 3 dB
multistrip coupler, a transducer, and a variable lcad at
each end of the convolver plate. By appropriate design it
can reduce reflections over an octave of bandwidth but adds
a 6 dB penalty in dynamic range. Finally, the use of two
convolver channels are mentioned, e.g. Figure 3.5. The basic
concept here is that one channel has 180 degrees more phase
shift than the other. In this scheme the two outputs are
fed to a sum/difference hybrid where the desired signals add
together and the spurious reflections add 180 degrees out-
of-phase. Alternatively this phase shift may be
accomplished in the transducers3.37 or in multistrip

couplers if they are used, e.g. Figure 3.5.
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3.5 Conclusion

The various loss mechanisms for degenerate elastic
SAW convolvers have been investigated. The result has been
the presentation of enough data for one to designh optimum
convolvers with input frequencies in the 300 to 800 MHz
range. Convolvers were tested as high as 1 GHz, which is the
highest frequency of operation ever reported for a SAW
convolver., An upper practical limit seems to be 800 MHz
input frequency. This provides the potential for 300 MHz
instantaneous bandwidth. As a result the size, weight, and
power savings are ten thousand times better than present
digital technology. Autoconvolution and double transit
convolution are the worst spurious effects. However, the
higher attenuation at these frequencies has the benefit of
reducing these spurious signals which are the result of
reflections. Y,Z lithium niobate is the optimum material
when all factors are considered. The aluminum film
suppresses harmonics and allows a linear dynamic range up to
1 watt of input power. Beamwidth compressors may not be
needed at high frequencies because transducers can be both
broadband and lave a small aperture. Multimoding effects
were not evident in the convolved output. However, longer
interaction times and successful achievement of low time
sidelobes for coded signals may preclude working at these

frequencies depending on the level of mode suppression

required.
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The convolvers were only 2.5 usec long, but using the
data presented here, they can be successfully designed and
fabricated for longer lengths. Dynamic range 1is adequate
for many applications, and methods are available for

reducing the undesired spurious signals.
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CHAPTER IV

COLLINEAR MIXING

4.1 Introduction

Although collinear mixing had been demonstrated prior
to the effort described in this Chapter,4:1-4.3 there were
several important questions left unanswered. Could the
mixing be made broadband? Was it possible to
simultaneously reject all the unwanted non-linear products?
How efficient would the mixing be? And finally, what would
be the linear dynamic range? The purpose of this chapter
was to address these questions in an experimental manner.

The theory describing collinear mixing has already
been presented in Section 2.3. This chapter discusses
experimental investigations in three parts. Before
addressing the above questions, however, Section 4.2 gives
laser probe results which allow spatial observation of the
mixing products and choice of the optimum location of an
output transducer, Section 4.3 then describes the
achievement of a broad bandwidth for the difference
frequencies and simultaneously the rejection of unwanted
signals. Finally, Section 4.4 describes the achievement of
a narrow bandwidth for a difference frequency and improved
rejection of unwanted signals. Discovery that the mixing

process is bilinear makes this device very attractive since
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a double~balanced diode mixer is not bilinear.

4,2 Laser Probing of Collinear Mixing

Laser probing of the SAW crystal is schematically
depicted in the upper right hand corner of Figure 4.1. The
device depicted consisted of two broadband transducers
placed very close to each other. Their apertures were each
130 wm. The crystal was Y-cut, Z-propagating lithium
niobate (LiNbO3) and was bare except for the two input
transducers. The laser spot may be scanned along the length
of the crystal as shown by the arrows, or it may be scanned
transversely giving a profile or cross section of the
acoustic wave, (Actually the spot is stationary and the
crystal is translated). Details of laser probe operation
are given in Appendix A, but the essential features are that
the laser light is scattered in a unique direction by each
acoustic frequency and with an intensity proportional to the
intensity of the acoustic signal. This means that the
photodetector for the scattered light must be moved to a
different angle for each acoustic frequency. Each of the
curves in Figure 4.1 gives a one dimensional plot of the
signal being probed. This means that at each position on
the abscissa, the laser has been scanned transversely to
obtain .the peak signal at that position. Note that the
ordin;te gives relative deflected light in dB. This axis
could be converted to relative acoustic power by the use of

equation (A.7) which scales the axis by a constant., Since
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the position of the peaks, general shape of the curves, and
other qualitative features are unchanged, this added step

was not taken.

Data were taken on signals that consisted of various

combinations of two frequencies: f¢ at 333 MHz and fp at
828 MHz. If only f4 is present, then the only possible
non-linearities are harmonics of fq. If both f1 and fp are
present, then additional power can leave f41 and go into the

sum, the difference, and their mixing products. This

explains why the light scattered by fq has less intensity

when fo is present. The same argument applies to fo- The

ool A Aun Aan a4 P e e~
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sum builds up, peaks at 7 mm, and decays sooner than the
difference which peaks at 12 mm. This is because the sum
has shorter wavelengths and therefore more wavelengths of
interaction per distance traveled. The more rapid decay is
also due to the shorter wavelength; it has greater
attenuation due to propagation loss and is more sensitive to
dispersion. As discussed in Section 2.3, the mechanical
polish of a bare crystal has enough dispersion to be

significant at these frequencies. Also note that the decay
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slopes are different, the sum having a steeper rate of decay

i

for the reasons mentioned above,

Y TRy

i As discussed in Section 2.3, two factors make it
; difficult to theoretically predict the location of peaks and
52 the slopes of build up and decay: dispersion due to
ﬁ mechanical polish and differences in diffraction of the
E propagating signals, Since dispersion is related to the
[
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surface polish, it will vary from vendor to vendor, and
xg possibly even from batch to batch. Processes differ
E;j markedly, and even the same process may not be repeatable
'i: due to size of grit used, amount of fluid used, rate of
*!u rotation, pressure applied, and amount of material removed

by each successively finer grit. The importance of
%- dispersion at 1800 MHz (second harmonic of a 900 MHz
F. fundamental) has been established by Adler and Nassari.4 and
; | Slobodnik¥.2. In order to improve the efficiency of the
] non-linear processes, the transducer apertures of the device
r; used in this study were made small to increase the acoustic
; | power densities. However, since aperture size strongly
E;: affects diffraction, a trade-off is necessary. The
_b diffraction is worse for the lower frequency transducer
3 since they both have a 131 um aperture. For this
E particular device, the 333 MHz signal diffracted severely,
p and the 828 MHz signal diffracted very little. This is
?; shown in Figure 4,2. The result is decreased interacting
;;: efficiency for propagation distances greater than 5 mm., If
E’A one wanted to measure the effect of dispersion, it would be
3; necessary to use the second harmonic of one signal rather
;&‘ than a mixing product of two signals because the two signals
i’: would both be diffracting.

V Returning to Figure 4.1: the second harmonic of f1
E:: has two curves for the same reason the fundamental of fq has
?" two curves. When f5 is present, some of the f1 power goes
E . into sums and differences and less is available to generste
&!
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levels versus distance for three different sum
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a second harmonic. The sum signal is stronger and cccurs
33 sooner than the difference signal. Thus, it is primarily

the sum signal that prevents the peak of the second harmonic

of f1 from occurring as soon as when fp is absent.

F! The relative amplitudes of the various products are
: power dependent. A square law dependence is assumed and is
shown in Section 4.4 to be an excellent approximation,
Square law dependence means that if the power, P71, of £
were doubled, its second harmonic would be gquadrupled (6

dB), the sum of fq+fp would double (3 dB), and the

difference would double (3 dB). This happens because the
harmonic is proportional to P12 and the sum and difference

are proportional to Py P, This result implies that

eventuallythe non-linear product could be higher than the
signal generating it. Of course that cannot happen because

'5{ saturation of the crystal, a physical 1limit on the elastic

*. constants, occurs first. In the SAW device of this study,
f- the 828 MHz transducer burned out before the crystal
{E saturated. Burnout is catastrophic failure due to arcing
E’ between interdigital fingers and occurred at about 400 mw.

The 333 MHz transducer withstood 1 watt because it had more

» interdigital fingers and hence less current density per

:! finger.

. The next investigation was of spatial variation of
E? sum and difference frequencies as one of the input
L! frequencies was varied. The spatial dependence of the sum

frequencies is displayed in Figure 4,2. The three curves
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were generated from the same crystal., Frequency limits were
imposed by the transducer bandwidths and interference from
reflected sidelcbes of other signals. Nonetheless, one can
see that the peak is stable at 7.5 mm over a bandwidth of
246 MHz, and the slopes of decay show the expected frequency
dependence, In Figure 4.3, the spatial dependence of
difference frequencies is shown for the same device and
input transducers. The peak is stable at 11.5 mm over a
bandwidth of 188 MHz, and again the slopes of decay show the
expected frequency dependence, Finally, refer to Figure
4. n, The results were obtained with a crystal from a
different batch. The vendor and polishing specifications
were the same, but the crystal had been purchased several
years earlier. Also, the transducers were different. The
presence of additional dispersion causes the difference
signal of 568 MHz to peak sooner than the difference signal
of 615 MHz in Figure 4.3. And the sum of 1312 MHz peaks
much sooner than the sum of 1279 MHz in Figure 4,2, Also,
the sum shows a second peak characteristic of a traveling
wave in the presence of dispersion."'3'u'5

In terms of a practical device, the placement of the
output transducer is not c¢ritical, for example, if one can
tolerate a 3 dB loss, then a difference signal can be
obtained from a transducer located anywhere in the range of
5 to 20 mm from the input transducer for either the device
of Figure 4,3 or Figure 4,4, In a production environment,

this tolerance would be more than adequate.
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Figure 4.4 Laser probe measurements giving relative power
levels versus distance for a sum frequency and
a difference frequency on a crystal different
from the crystal used in Figure 4.2 and 4.3.
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4.3 Broadband Mixing
This section describes the use of a SAW mixer to
replace a double-balanced diode mixer and filters in an

existing system.”o6 The frequency requirements are shown in

Figure 4,5, The first input band of frequencies, f1s COVErs

321 to 345 MHz, and the other input band, f5 covers 720 to
936 MHz. It is desired to pass the difference frequencies
:‘I and reject all others by 60 dB. This is a very demanding

goal since the signals f1 and 2f1 are very close-in, and f1

is much stronger (37 dB in Figure 4.8) than the desired

difference signal. This means 60 dB of attenuation for
unwanted acoustic signals at the output and over 97 dB
suppression of direct electromagnetic feedthrough at the
output.

Assuming the performance goals can be met, the
benefits of such a device are reduced size and cost, and
improved ruggedness. The size advantage is shown in Figure
4,6 by comparing 6 SAW mixers on one substrate to the
equivalent combination of a double-balanced diode<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>